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Abstract
This article presents the origins and evolution of midrange 
terrestrial laser scanning (TLS), spanning primarily from the 
1950s to the time of publication. Particular attention is given 
to developments in hardware and software that document 
the physical dimensions of a scene as a point cloud. These 
developments include parameters for accuracy, repeatability, 
and resolution in the midrange—millimeter and centimeter 
levels when recording objects at building and landscape 
scales up to a kilometer away. The article is split into two 
parts: Part one starts with early space and defense applica-
tions, and part two examines the survey applications that 
formed around TLS technologies in the 1990s. The origins of 
midrange TLS, ironically, begin in space and defense ap-
plications, which shaped the development of sensors and 
information processing via autonomous vehicles. Included 
are planetary rovers, space shuttles, robots, and land vehicles 
designed for relative navigation in hostile environments like 
space and war zones. Key people in the midrange TLS commu-
nity were consulted throughout the 10-year period over which 
this article was written. A multilingual and multidisciplinary 
literature review—comprising media written or produced 
in Chinese, English, French, German, Japanese, Italian, 
and Russian—was also an integral part of this research.

Introduction
Midrange terrestrial laser scanning (TLS) developed out of 
space and defense applications. As will be discussed in part 
two, it evolved as a laser-based methodology that documents 
an object or environment to a known scale of measurement. 
Government agencies such as the Defense Advanced Research 
Projects Agency (DARPA) were a main source of funding for 
midrange TLS from the 1960s to the 1990s, until the technol-
ogy was recognized as a valuable tool for industrial uses 
during the period 1987–1998. Up to that point, midrange TLS 
provided an effective solution for the operation of unmanned 
vehicles and robots in environments otherwise hazardous to 
humans, such as war zones and space. It was primarily cre-
ated and refined for use in remote navigation systems from 
the 1960s to the 1990s. Subsequent uses based on computer-
aided documentation, which were facilitated by industrial as 
well as cultural-heritage (CH) applications, began in the late 
1980s. Transitions into this world of survey and documenta-
tion were as much about changes in business cultures and 
practices as they were about the available technologies in 
place at the time.

Four phases of development for mid-range TLS are ex-
plored in both parts of this article. The first phase is the initial 
technological development – where government agencies like 
DARPA and the National Aeronautics and Space Administra-
tion (NASA) started sensor-led initiatives. The second phase 
seeded business cultures and technologies - via corporate phi-
lanthropy laws, technology transfer laws and further develop-
ments in microelectronics. The third phase is shaped by the 
tripod based commercial systems that inspired this article, 

along with non-profit corporations that came out of Califor-
nia. Phase four was still playing out at the time this article 
was published. It is a period where remote navigation, mixed 
reality applications and simultaneous and localized mapping 
were transforming midrange TLS sensors into commodity 
items. Where mobile phones, tablet based computing and car 
based applications were clearly shaping future developments.

Time of flight (ToF) and phase-shift (PS) laser scanning in 
phases one and two of the development cycle are predomi-
nantly focused on in part one of this article. This part ends 
at the point where triangulation-based midrange TLS systems 
(developed by Xin Chen and with the founding of Mensi in 
1987 by Auguste D’Aligny and Michel Paramythioti) became 
the gateway to industrial applications, which helped turn laser 
scanners into survey instruments (see Figure 1b). It explores 
initiatives funded by government agencies like DARPA, NASA, 
and the European Space Agency (ESA); the partnerships formed 
to develop solutions alongside emerging trends in computing; 
and early user adoption outside of space- and defense-based 
applications. It also lays the foundation for later discussions 
outlined in part two. This includes midrange TLS as it is cur-
rently defined, as well as an exploration of the period where 
technologies made the transition to commercial markets of use.

The Road to General Use
A road map of the development of midrange TLS is presented 
in Figure 1a. It shows the applications, technological devel-
opments, and projects that were required to attain the broad 
range of application that is now possible. For example, the 
period of research and development dating back to the 1960s 
was an era shaped by space and defense applications, where 
the development cycle in place was driven by artificial intel-
ligence and robotics (Matthies 1999). The funding model that 
sustained it was driven by government grants (Waldron and 
McGhee 1986; Song and Waldron 1989; Everett 1995; Gleich-
man et al. 1998; Matthies 1999; Roland and Shiman 2002). 
Laser based sensors were developed to serve the interests of 
departments like DARPA and later research programs like the 
Strategic Computing Initiative (Roland and Shiman 2002).

Despite being overlooked or untold, this part of the story 
of midrange TLS remains embedded in solutions used today. 
For example, laser scanners know their position in relative 
space because they were originally used for relative naviga-
tion in space-driven applications. The methodology can be 
traced back to the Space Race, where it became part of the 
NASA Surveyor program (Matthies 1999). It was this initiative 
that identified the need for more accurate sensors and sensing 
in unmanned space exploration—for guidance systems that 
could be used in vehicles like planetary rovers or dock-
ing space shuttles (Lewis and Johnston 1977; Waldron and 
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McGhee 1986; Gleichman et al. 1988; Tchoryk et al. 1991; 
Everett 1995; Flatscher et al. 1999; Gage 1995; Matthies 1999; 
Nilsson 2010). Feeding into this were sensors that came out of 
the Environmental Research Institute of Michigan (ERIM) and 
the Jet Propulsion Laboratory (JPL) at the California Institute of 
Technology (Matthies 1999; Roland and Shiman 2002).

The technologies developed between 1966 and1997 were not 
created with an intention to compete with survey equipment 
like total positioning stations, as they do in the marketplace 
today. The driving force behind their refinement was govern-
ment- and university-led initiatives like the Surveyor program 
and the Carnegie Mellon University (CMU) Navigation Labora-
tory (NavLab) (Everett 1995; Roland and Shiman 2002). This 
continued to be the case until commercialization took place in 
the 1990s.

Prior to the development of tripod-mountable systems for 
surveying, midrange TLS solutions had been used on satellites, 
space-exploration vehicles, robots like Shakey or Odex I, and 
autonomous land vehicles (Moravec 1983; Kweon, Hoffman 
and Krotkov 1991; Everett 1995; Matthies 1999). It was a form 
of computer vision used for navigation and terrain modeling, 
as an alternative to passive video and stereo camera-based 
navigation like structure from motion (Besl 1988; Tchoryk et 
al. 1991; Amann et al. 2001). For example, the Adaptive Sus-
pension Vehicle (ASV) and Autonomous Land Vehicle (ALV) 
projects, which were funded by DARPA, both used laser scan-
ners as part of their guidance systems (Waldron and McGhee 
1986; Gleichman et al. 1988; Song and Waldron 1989). Again, 
they were used to guide vehicles remotely through war zones 
and other environments hazardous to humans.

Shakey
Running parallel to the Surveyor program (1966–1968) was 
the DARPA-funded artificial-intelligence project called Shakey 
(1966–1972). This four-wheeled robot was developed by the 

Stanford Research Institute (Nilsson 1984). It incorporated both 
active and passive systems of sensing into its design, which 
made it autonomous in a specially designed environment (Nils-
son 1969, 1984, 2010; Moravec 1983; Gage 1995). Shakey could 
use a vidicon television camera or a custom-built laser range 
finder (with rotating mirror) to determine its location (Nilsson 
1984; “Shakey Images” n.d.). Its design laid the foundation for 
TLS in general in robotic engineering at the Stanford Research 
Institute, as well as at CMU via Hans Moravec (Moravec 1983; 
Gage 1995). Shakey currently resides in the Computer History 
Museum in Mountain View, California (“Shakey” 2018).

Space, Defense, and Autonomous Vehicles
By 1977, a ToF-based scanning device, the Scanning Laser 
Rangefinder, had been developed by JPL (Lewis and Johnston 
1977; Everett 1995). The project identified limitations based 
on accuracy, how these limitations might be mitigated, and 
laid the groundwork for tripod-based ToF solutions (Lewis 
and Johnston 1977). Yoshiaki Shirai and his team at the 
Electrotechnical Laboratory in Tokyo had also developed a 
slit projection-based method for range-finding in the period 
after Shakey but before the work at JPL. This was for the vision 
system in their ETL-ROBOT, with point information represented 
in a scan line-based pattern (Shirai 1972). Similar triangula-
tion-based methods are discussed later in the section called 
The Point Cloud –  via the early CH based work of the Coig-
nard family (Figure 6) and (separately) the Scannerless Range 
Imager. The latter was developed at Sandia National Laborato-
ries in New Mexico, and was built to run on a Motorola 68000 
computer processing unit-based Amiga computer (Sackos et 
al. 1998).

Hans Moravec also explored navigation and obstacle 
avoidance at the Stanford Research Institute around the same 
period as the JPL Scanning Laser Rangefinder, 1973 to 1981, 
(Moravec 1983; Gage 1995). He used a stereo vision system on 

Figure 1. (a) The road map of midrange terrestrial laser scanning outlines the transition from vehicle-based systems, which 
started out as research-funded projects focused on space and defense applications. These solutions eventually crossed over 
to commercial tripod-based applications for geodetic and surveying-based uses in 1998. They were, however, first used for 
industrial and cultural heritage applications in the build up to a market forming around the technology. ARPA= Advanced 
Research Projects Agency; CH = cultural heritage; DARPA = Defense Advanced Research Projects Agency.

Figure 1. (b) Midrange TLS solutions available at time of publication. They came out of 11 different countries, 18 different 
companies, and a research laboratory.
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Midrange Terrestrial Laser Scanning Systems (at Time of Publication)
(a) The RGB Imaging Laser Radar, which came out of the Italian National Agency for New Technologies, Energy and Environ-
ment (ENEA) in 2007. The scanner uses three distinct beams (red: 650 nm, green: 532 nm, and blue: 450 nm) in monostatic 
configuration to create a color point cloud using the laser information alone.

(b) The BLK360 unit from Leica Geosystems. It is a time-of-flight system that was developed as part of a third pricing tier, 
which formed around laser scanning as technologies matured.

(c) The Effortless 3D scanner is also part of this third tier, and like the NCTech unit (m) contains a multibeam time-of-flight 
Velodyne VLP-16 sensor.

(d) The phase shift-based Zoller and Fröhlich 5016. It contains a low-light shooting functionality to support the high-dynamic-range 
camera system inside. It can also use a FLIR thermal imaging camera to combine with the point-cloud information it produces.

(e) The time-of-flight Stonex scanner from Italy resold by Leica Geosystems under its GeoMax brand.

(f) The P50 time-of-flight unit from Leica Geosystems. It uses a fiber laser and has a range of up to 1 kilometer. Gregory C. 
Walsh—who is discussed in part two of this article—suggested the fiber laser inside the unit and designed the high-dynamic-
range photography capabilities.

(g) The time-of-flight Topcon GLS-2000. It is based on the work of Jerry Dimsdale and the team at Voxis – the company Dims-
dale founded after leaving Leica Geosystems. Voxis was acquired by Topcon in 2008.

(h) The Faro Focus S, another phase-shift laser scanner to come out of Germany. Faro laser scanners are discussed in more 
detail in part two.

(i) The time-of-flight Trimble TX8. The US-based Trimble entered into midrange TLS via the French company Mensi, which is 
discussed later.

(j) The Riegl VZ-400i time-of-flight scanner. It has a range of up to 800 m and is one of four TLS units sold by this Austrian 
company. Riegl was one of the first companies to sell commercial midrange laser scanners, along with Cyra Technologies (now 
Leica Geosystems HDS), K2T (later Quantapoint), and Mensi (absorbed into Trimble after acquisition in 2003).

(k) The Clauss RODEONscan, L.A.M.B.E.R.T., and Smartscan units stemmed from the company’s background in panoramic and 
gimbal-head unit-based photography. Clauss scanners are priced in the same range as (b), (c), and (m).

(l) is the Sweep kit from Scanse. The Sweep unit came in a build it yourself kit – similar to early personal computers like the 
ALTAIR 8800. It included low cost computers like Raspberry Pi. The Sweep is – along with SLAM based sensors produced by 
companies like Velodyne in n) - an indicator that a commodity market had started to solidify around laser scanning technolo-
gies by 2016.  This is similar to how microchips started to become a commodity item as personal computers evolved, as dis-
cussed in more detail in the second part of this article. The RPLidar from Slamtec was another sensor that could be used with 
the ARM based Raspberry Pi at time of publication.       

(m) The NCTech LASiris incorporates a Velodyne VLP-16 sensor and was primarily positioned for virtual and augmented 
reality-based applications.

(n) Velodyne sensors stemmed from the DARPA Grand Challenge. They have become commodity sensors that were being heavily 
used in mobile mapping and self-driving-car applications by time of publication. Units from Effortless 3D and NCTech demon-
strate that these sensors found a use in tripod-based systems as well.

(o) The RTC360 from Leica Geosystems. This time-of-flight laser scanner saw the return of Gregory C. Walsh as primary system 
architect for a scanner developed by Leica Geosystems. The last one he had led the development of at the company was the 
C10 (the final unit to use the green laser system suggested by John Zayhowski to Cyra Technologies). RTC360 contains an inertial 
measurement unit (IMU), as well as a series of cameras to help track its position in the scene it documents. It also has double 
laser and imaging features.

(p and q) The Polaris and ILRIS-3D time-of-flight scanners from Optech. The company and its laser-scanning technology have 
close ties to the Canadian Space Agency due to past projects developing sensors for space, such as the laser ranging interferom-
eter. The first ILRIS was released commercially in 2000.

(r) The Opal family of time-of-flight scanners from Neptec also has close ties to the Canadian Space Agency, for the same rea-
son. These scanners also have debris-filtering features built into their functionality.

(s) The Surphaser range of phase-shift scanners came out of Russia. The company also produces scanners in the submillimeter range.

(t) The Maptek range of time-of-flight scanners came out of Australia. They primarily stemmed from mining and industrial ap-
plications, as well as complementing Maptek software such as I-Site and PointStudio.

(u) The Trimble X7, released in September 2019. This time of flight-based system is more in line with the Zoller and Fröhlich 
5016 (d) and the Leica Geosystems RTC360 (o) – in that it incorporates other sensors like an IMU into its hardware. This makes 
the registration of point clouds more automated and easier to achieve.

(v and w) The VS1000 and VS10/VS30 laser scanners from Simai Surveying Instrument in Hefei, China. The VS1000 is a time-of-
flight scanner that uses a class 1 905-nm laser to collect information at a range of up to 1000 m. It collects points at a rate of 
36,000 points/s and has a global navigation satellite system receiver attached for absolute coordinate retrieval. It uses a Canon 
5D Mark II camera to add red, green, and blue information to the scans. The VS10 and VS30 also have a class 1 laser, collecting 
information at a rate of 250,000 points/s over distances of 15 and 40 m.

(x) Hi-Target is a company based in Guangzhou, China. Its HS450 scanning unit has been most comprehensively documented by 
Shan and Toth (2018). It is described as having a 1545-nm class 1 laser, scanning at a rate of 300,000 points/s at a range of 450 
m. It also uses an external camera to collect red, green, and blue information.

For a more detailed description of the specifications for each scanner, see their manufacturer specification sheets.
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a robot called the Stanford Cart. This took a similar form to 
the JPL Laser Rangefinder by 1979 (Moravec 1983; Gage 1995). 
When Moravec moved to CMU in 1981, his work became the 
reference point for a smaller system called the CMU Rover 
(Moravec 1983). It also laid the groundwork for the CMU 
NavLab created in 1984 (Thorpe et al. 1987). This university-
based laboratory was dedicated to developing semiautono-
mous and autonomous vehicles using computer vision. PS la-
ser scanners sold as survey tools—from Quantapoint (formerly 
K2T) and Zoller and Fröhlich (Z+F)—were developed because 
of NavLab-led initiatives, such as the Franklin scanner (Han-
cock et al. 1998a; K2T 1998). There was also a connection to 
European efforts, such as the Eureka PROMETHEUS Project, 
through Dirk Langer. He helped develop the laser module for 
the Franklin scanner, and brought Christoph Fröhlich to CMU 
to collaborate because of the laser module he had designed 
in Germany. The PROMETHEUS Project was the largest research 
and development project for self-driving cars, running from 
1987 to 1995; Langer worked on ultrasonic sensors for it, 
which was the groundwork for his coming to CMU. Both the 
Franklin and PROMETHEUS projects marked a collaborative 
effort between universities and businesses. Car manufacturer's 
were amongst the companies interested in the technology.

The JPL Laser Rangefinder was soon followed by a PS 
system funded by DARPA (Gleichman et al. 1988; Gage 1995; 
Roland and Shiman 2002; Nilsson 2010). It was built by ERIM, 
which had worked with the Bendix Corporation, an American 
manufacturing and engineering company, to develop Lunar 
Surface Experiments Packages for NASA as part of the Apollo 
missions (Latham et al. 1969; Hartman 1992). ERIM had also 
worked extensively on multispectral scanning systems in 
satellites (Polcyn, Lyzenga and Marinello 1977). This work 
included tracking the exact distance to a point on the moon’s 
surface to within a few inches using modulated lasers (Knock-
eart and Wilkinson 1975; Wolfe and Zissis 1978).

The ERIM sensor was built for the ASV in 1982 (Gleichman 
et al. 1988; Gage 1995; Roland and Shiman 2002; Nilsson 
2010). As seen in Figure 2, the ASV was a six-legged all-terrain 
vehicle, which used the same alternating tripod movement 
seen in insects (Waldron and McGhee 1986; Song and Wal-
dron 1989). The ASV came out of a collaboration between Bat-
telle Columbus Laboratories and Ohio State University, with 

the ERIM sensor forming part of its navigation system (Zuk and 
Dell’Eva 1983; Patterson et al. 1984; Waldron and McGhee 
1986; Gleichman et al. 1988). It was designed to be deployed 
in environments unsuitable for wheeled vehicles and con-
sidered too dangerous to go through on foot (Patterson et al. 
1984; Waldron and McGhee 1986).

The ASV project was part of a long-term strategy that 
emerged from US military-funded research, which was di-
rected by an advisory board made up of artificial-intelligence 
specialists from academia and industry (Stefik 1985; Roland 
and Shiman 2002). It explored the use of autonomous vehicles 
for direct combat as well as search and rescue (Patterson et al. 
1984). It also led to ERIM being chosen for the 1984–1988 ALV 
program (Gleichman et al. 1988). It was this project that dem-
onstrated that PS systems were becoming a viable means of 3D 
data acquisition. The ALV program also formed part of a broader 
Strategic Computing Initiative program in digital technologies, 
which ran from 1983 to 1993 (Roland and Shiman 2002).

Autonomous Land Vehicle
Work began on the ALV project in September 1984, using the 
experimental ERIM sensor seen in the guidance system for 
the six-legged ASV (Gleichman et al. 1988). It can be seen in 
Figure 3, which shows an illustration of the ALV from Popular 
Science (Schefter 1985). The sensor was retrofitted to correct 
known deficiencies, then mounted to a vehicle and sent out to 
map the DARPA-Martin Marietta ALV test site in Denver, Colo. 
It was the first of four data-capture missions that provided 
information to the contractors: CMU, Martin Marietta Aero-
space, and Sandia National Laboratories. Each played a key 
role in future midrange TLS developments by refining both the 
hardware and the software (Zuk et al. 1985; Beyer, Jacobus 
and Pont 1987; Everett 1995).

Figure 3. The Autonomous Land Vehicle project introduced 
several new participants to laser scanning because of the 
Environmental Research Institute of Michigan sensor. It also 
brought Takeo Kanade, Pradeep Khosla, and Chuck Thorpe 
together—through two separate projects managed by Clint 
Kelly III. The three would later go on to form K2T together at 
Carnegie Mellon University and release the Franklin scanner 
as a commercial product. Christoph Fröhlich would also go on 
to create the Zoller and Fröhlich range of phase shift scanners 
after working on the Franklin. (Illustration by Ray Pioch. 
Reproduced by permission from John Schefter, “Look, Ma! No 
Driver,” Popular Science 227: PP. © 1985 by Ray Pioch.)

Figure 2. The Adaptive Suspension Vehicle was developed 
via a collaboration between Battelle Columbus Laboratories 
and Ohio State University. It used an insect-inspired leg 
system to navigate terrain. Its vision system also included a 
laser scanner from the Environmental Research Institute of 
Michigan (Hoggett 2010).
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The ALV program was a turning point for PS laser scanning. 
ERIM’s sensor, which collected sample range data for terrain-
modeling purposes, was a catalyst that brought together highly 
skilled research teams from CMU, Martin Marietta Aerospace, 
and Sandia National Laboratories (Gleichman et al. 1988; 
Thorpe et al. 1991a; Thorpe et al. 1991b). Their efforts refined 
PS based hardware and software solutions, making them more 
efficient at collecting spatial information. For example, the 
ALV project led to the development of computers small enough 
to fit inside a vehicle – in order to process ERIM data in real 
time. The ALV project also laid the groundwork for sustained 
research and development through CMU as the computer-vision 
partner, as well as kept the momentum going for space-driven 
initiatives like the Space Exploration Initiative (SEI) (Thorpe 
et al. 1991a; Thorpe et al. 1991b). PS solutions were on the 

cusp of being refined for industrial application via the NavLab 
initiative by the late 1980s.

Several ALV contractors acquired ERIM scanners in 1985 
(Gleichman et al. 1988). CMU used its scanner, along with 
other systems built by Perceptron and Odetics, as part of the 
NavLab autonomous vehicle initiative that began in 1986 
(Kweon et al. 1991; Hebert and Krotkov 1992; Kweon and 
Kanade 1992; Kelly 1994).

In particular, the NavLab explored and refined the applica-
tion of road vehicles modified for remote driving in urban or 
city environments. There was even a direct link to the ALV 
project through Takeo Kanade, Pradeep Khosla, and Chuck 
Thorpe (Chuck Thorpe, email to author, January 19, 2015). 
Kanade and Khosla were developing a robotic arm for a proj-
ect managed by Clint Kelly III, the same person overseeing 
Thorpe’s work on the ALV. Kanade, Khosla, and Thorpe went 
on to become K2T. The NavLab continued to produce autono-
mous and semiautonomous vehicles at the time of publication 
of this article; such vehicles, though, were first designed by 
the Robotics Institute at CMU and then the CMU NavLab.

PS technologies stemming from this branch of CMU research 
include those produced by K2T/Quantapoint (USA) and Zoller 
and Fröhlich (Germany; Hebert and Krotkov 1992; Froehlich, 
Mettenleiter and Haertl 1997, 1998; Hancock, Hoffman et al. 
1998; Hancock, Langer et al. 1998). iQvolution/Faro (Germa-
ny) went on to create its first PS systems in 2003–2004 (Feitz 
2003; “iQvolution Announces the iQsun” 2004). By 1998, 
K2T had released a scanner called the SceneModeler, after the 
research-driven Franklin in 1997 (Hancock et al. 1998b; Cho 
2000), and changed its name to Quantapoint in 1999 (“Quan-
tapoint lands $4 million” 2001). Christoph Fröhlich (Z+F) and 
Eric Hoffman (K2T/Quantapoint) had also conducted CH scans 
of the Eastern sculpture niche of the College of Fine Arts at 
CMU seen in Figure 4 (Froehlich et al. 1997, 1998; Hancock 
et al. 1998b). The Franklin system used for these scans was 
a joint effort between CMU, Z+F, and K2T. It was partly spon-
sored by the Ben Franklin Technology Center of Southwestern 
Pennsylvania, from which the Franklin took its name (Han-
cock et al. 1998b). Other contributors included the US Depart-
ment of Transportation and DARPA under the auspices of the 
Technology Enhancements for Unmanned Ground Vehicles 
(UGV) project (Hancock et al. 1998b).

When Timing Was Right
The second of the four phases of development for midrange 
TLS came to its conclusion in the same year as the SEI. This 
was one of the last space programs, along with European 
Space Agency initiatives, to advance laser scanning prior to 
the third, more general era of midrange TLS (Flatscher et al. 
1999). The SEI was equally as important as the ASV and ALV 
projects and the NavLab at CMU, because it led to a series 
of research programs and output that supported the system 
architectures of hardware released in 1997–1998. This was 
further driven by advancements encouraged in pumped and 
Q-switched laser systems, as well as the use of retroreflec-
tive targeting systems. The SEI was announced on July 20, 
1989, and was part of the 20th-anniversary celebrations for 
the Apollo 11 moon landing in 1969 (Tchoryk et al. 1991; 
Matthies 1999). Funding was geared toward the exploration of 
Mars (Tchoryk et al. 1991; Zubrin, Baker and Gwynne 1991).

Developments from the SEI included an analysis of active 
and passive sensors for space docking, planetary landing, and 
rover navigation via three comprehensive evaluation reports 
from ERIM (Tchoryk et al. 1991). Strategy reports were also 
provided by Martin Marietta Astronautics, and rover systems 
were developed by contractors like JPL (Zubrin et al. 1991; 
Matthies 1999). Technologies that made their way into indus-
trial systems, such as those developed by Cyra Technologies, 
included target solutions based on retroreflective surfaces and 

Figure 4. The scans of the Eastern sculpture niche of the 
College of Fine Arts at Carnegie Mellon University (CMU). 
The Franklin scanner that produced this data would 
soon evolve into the SceneModeler range of scanners. It 
was a tipping point moment for the Robotics Institute at 
CMU – built on experience gained from exposure to the 
ERIM sensor; projects like ALV; and collaborative efforts 
with researchers coming out of the Technical University 
of Munich (TUM) and the German manufacturing sector. 
Graduates of TUM like Dirk Langer played a key role in 
bringing Fröhlich, Mettenleiter, and Haertl to CMU – to 
work on the Franklin and SceneModeler scanners. All 
four men went on to become the driving force behind the 
Imager 5003, the first midrange TLS system from Z+F. In 
one respect, the story of phase shift-based midrange TLS 
is one of American and German collaboration and cross-
pollination.
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Q-switched or pulsed ToF laser systems (Zubrin et al. 1991; Wil-
son et al. 1999; Zayhowski 2010, 2018). For example, passive 
Q-switching of a laser was incorporated into Cyra Technologies 
laser scanners via John Zayhowski of the Massachusetts Insti-
tute of Technology (MIT) Lincoln Laboratory—a research labora-
tory with a long history of developing laser systems for space 
and defense projects (Jelalian 1992; Delaney and Ward 2000; 
Gschwendtner and Keicher 2000; Grometstein 2011). Zayhows-
ki recognized that a 532-nm green laser using a Q-switched 
system would fit the specifications given to him by Ben Kacyra 
and Jerry Dimsdale (seen in Figure 5). It addressed eye-safety is-
sues that could occur in a commercial-based laser scanning unit 
(Wilson et al. 1999; Zayhowski 2010). The diameter of the laser 
beam and the use of Q-switching provided a means of adjusting 
the intensity of a laser that was otherwise ideal for survey-based 
applications. Other requirements needed for the Cyra Technolo-
gies based midrange TLS systems—such as the timing circuit 
that came out of the Department of Energy's Los Alamos Na-
tional Laboratory—are discussed in more detail in part two of 
this article. The incentive to commercialize technologies linked 
to the SEI, which included the JPL rover seen in Figure 1a, came 
about when manned missions to Mars were abandoned for 
cheaper, robot-based solutions in 1992 (Hogan 2007).

Policy based influences on turning point moments to come 
out of the US can be traced back to the Stevenson-Wydler 
Technology Innovation Act of 1980. This started a chain of 
legislation passed over the next two decades, which enabled 
federal laboratories to transfer technologies to non federal 
entities in the US. The last of note in this time period being 
the Small Business Technology Transfer Act of 1992.

Best-Fit Solution and Developments in Computing
Midrange TLS is shaped by end-user requirements, the ap-
plications around which services or solutions are developed, 
and trends linked to computer processing. These contributing 
factors stretch across all phases of its history, be it space-based 
applications, machine vision for use in autonomous vehicles, 
or use for “as-built” surveying (explored in more detail in part 
two of this article). Its transition to industrial uses for “as-
built” information collection was also stimulated by the need 
for safer forms of environmental data collection in environ-
ments otherwise hazardous to humans. For example, two of the 
earliest European and North American companies to seriously 
explore midrange TLS outside of research applications did so 
for nuclear and industrial plant applications (Addison and 
Gaiani 2000; Kacyra et al. 1997; Pot, Thibault and Levesque 
1997). Cyra Technologies had stemmed from observations 
made by Ben Kacyra when he worked in nuclear and industrial 
plants at his engineering company, Cygna (Cheves 2014). Ben 
envisioned what was later described to the MIT Lincoln Labora-
tory (by Cyra Technologies) as a solution that could produce 
something like a “3D Polaroid” of the scene collected. On the 
other hand, triangulation-based Mensi systems were designed 
to meet the accuracy, repeatability, and resolution requirements 
needed to document nuclear power plants owned and man-
aged by Électricité de France (EDF) (Pot et al. 1997).

In its commercial period of use, midrange TLS became an 
answer to problems associated with preexisting computer-
aided design (CAD) workflows (Pot et al. 1997). This included 
idealized representations or designs in working environments 
where not knowing the imperfections in a built environment 
could cost lives. Midrange TLS was able to easily document an 
object or scene, enabling CAD drawings or plans to be based 
on real-time conditions at a level of detail not seen before (Pot 
et al. 1997; Zheng, Lewis and Gethin 1996). Prior to this, CAD-
based models ran the risk of being detached from their real-
world counterparts. The resolution of information capture 
was restricted to collecting a series of points on a surface, as 
opposed to collecting a digital mold of the surface itself. This 

was especially the case in environments where everything 
had known measurements assigned to it, such as pipe-filled 
spaces in industrial plants.

Enter Mensi
The first Mensi SOISIC scanners were developed around opti-
cal triangulation because of the accuracy, repeatability and 
resolution requirements of their application in industrial 
power plants in the early 1990s (X. N. Chen et al. 2005; Shan 
and Toth 2008). There the driving force was the speed of data 
recording in relation to safer working conditions for the end 
user. A system architecture based around optical triangula-
tion was adopted due to the restrictions associated with PS 
and ToF systems of the time (X. N. Chen, email to author, 
October 18, 2013; Fienup 2013). The accuracies and ranges at 
which information could be collected were not yet to mil-
limeter standard (Pot et al. 1997), and computer-based timing 
and calculation were not yet powerful enough to make ToF 
and PS viable options for high-resolution documentation and 
measurement (Wilson et al. 1999; Fienup 2013). It was only 
later, through improvements in integrated timing circuits and 
algorithm-based noise filtering in the waveform of the laser 
beam, that PS and ToF became the standard system architec-
tures for midrange TLS (Hebert and Krotkov 1992; Froehlich 
1997; Flatscher et al. 1999; Wilson et al. 1999; Fienup 2013). 
It is no coincidence that Mensi replaced optical triangulation 
completely by 2001, with the GS 100 scanner bringing their 
technology more in line with Cyra Technologies and Riegl 
systems. (X. N. Chen et al. 2005; Shan and Toth 2008). By 
this time, computer graphics-based processing was becom-
ing powerful enough to make working with point-cloud data 
easier and more affordable. 3D graphic architectures like 
RealityEngine from Silicon Graphics (SGI) had evolved into 
open standard application programming interfaces, such as 
OpenGL, which also made applications portable between 
devices (Akeley 1993). In other words, it was now easier for 
developers to create commercial point cloud-based software 
because of the continuity such an open standard provided–
much in the same way the MIDI file format did for sound 
engineers and musicians (Loy 1985).

Point Cloud-Based Computing Before Graphics Cards
Earlier examples of midrange TLS, like the ALV project, high-
light restrictions caused by computing power available at 
the time of the Strategic Computing Initiative (Roland and 
Shiman 2002). Onboard parallel computing—which enabled 
tasks or complex sets of information to be separated into 
smaller calculations and processed simultaneously—had to be 
used in order to work with terrain data in real time (Weems 
et al. 1991; Chuck Thorpe, email to author, Month DD, 2015). 
It was expensive but necessary due to the fact that the only 
other hardware capable of doing this was mainframe comput-
ers. Parallel processing allowed for the custom manufacture 
of a computer small enough and light enough to fit inside the 
ALV (Weems et al. 1991; Roland and Shiman 2002).

Point cloud based information became more accessible to 
a broader population of people because of graphic processing 
units (GPU). These started to make graphic intensive computer 
based tasks more affordable to a general consumer by the end 
of the 1990s. Prior to this, graphic based work carried out on 
most micro computers (an early term for a personal computer) 
were handled by the central processing unit and custom 
chipsets. Even by the mid-1990s, point cloud-based software 
like Computer Graphics Perception (CGP) was developed on 
specialist SGI and Sun Microsystems hardware—even though 
softwares like CGP were designed to run on standard Windows 
NT machines and Intel 486 processor-based laptops of the time 
(Kacyra et al. 1997). Software and hardware development was, 
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Figure 5. Key teams and some of the people who brought midrange terrestrial laser scanning (TLS) solutions to market in 
1997–1998. I would like to thank Xin Chen for the Mensi group photograph, Markus Mettenleiter for the SceneModeler 
photograph, Reigl USA for the photograph of Andreas Ullrich and Johannes Riegl, and Gregory C. Walsh and Guy Cutting for 
the Cyra Technologies group photograph. (a) The Mensi development team in France, 2001. Though they would cross over to 
time-of-flight scanning that same year, their work in laser-based optical triangulation (via the SOISIC scanner) helped to bridge 
the gap between close and midrange scanning between 1987 and 2001 (this is discussed in part two of this article). Trimble 
acquired Mensi in 2003. Far right, standing: Xin Chen, Chief Technology Officer of Mensi; far left, kneeling: Omar-Pierre 
Soubra, who also went on to work for Trimble and then Dassault in director-level marketing roles. (b) Christoph Fröhlich, 
Dirk Langer, Markus Mettenleiter, and Franz Haertl played a key role in helping to develop the K2T/Quantapoint Franklin and 
then SceneModeler phase-shift scanners. They went on from their time at the Robotics Institute at Carnegie Mellon University 
to develop the Z+F range of phase-shift scanners. Four of this German cohort of the phase-shift story graduated from the 
Technical University of Munich; Haertl had been working on hardware and software development for Z+F’s preexisting wire-
processing machinery business before transitioning to the emerging midrange TLS side of the business. This photograph was 
taken by Christoph Fröhlich and shows Markus Mettenleiter with an early version of the SceneModeler. It is seen to contain 
all of the components that would go into commercial midrange TLS (discussed in part two of this article). The big yellow 
box contains a signal processing unit. This and the computer were replaced in later versions of the SceneModeler by two 
smaller blue boxes that contained smaller single and computer hardware. Leica Geosystems sold Zoller and Fröhlich laser 
scanners under an original equipment manufacturers (OEM) agreement from 2005 to 2012. (c) Cyra Technologies was formed 
by Ben Kacyra and Jerry Dimsdale in California in 1993. The photograph shows Chief Technology Officer Jerry Dimsdale 
(front left), Chris Thewalt (back left), Jonathan Kung (back middle), and chief executive officer Ben Kacyra (front right). 
Cyra Technologies combined a 532-nm pulsed green laser from the Massachusetts Institute of Technology Laboratory with 
a timing circuit developed at Los Alamos National Laboratory to create its Cyrax scanners. The company also played a key 
role in helping form a stable market around midrange TLS, especially after its acquisition by Leica Geosystems in late 2000. 
Dimsdale, after the acquisition of his later company Voxis, went on to create another generation of midrange TLS systems that 
became the GLS series of scanners for Topcon. Kacyra went on to form the cultural heritage-based nonprofit CyArk (discussed 
in more detail in part two of this article). (d) Riegl is an Austrian company that brought a time-of-flight midrange TLS system 
to market in 1997–1998. This photograph shows Andreas Ullrich (right), who went on to become Chief Technology Officer at 
Riegl, next to the company’s founder and namesake, Johannes Riegl. Ullrich played a fundamental role in the development 
of the system architecture for the Riegl LMS-Z160/Z210 scanners. They were developed out of an European Space Agency 
funded project exploring landing shuttle sensors in the 1990s. Both Johannes Riegl and Andreas Ullrich graduated from 
the Vienna University of Technology (VUT). Dr. Riegl carried out long terms research at VUT on avalanche pulse generators 
(nothing to do with snow and ice) prior to forming the company in 1978. Ullrich completed a PhD thesis based on high-
resolution optical Doppler radar. By the time this article was published, Riegl had evolved into a company with a long history 
in the development of tripod-based and simultaneous and localized mapping (SLAM) laser scanning systems (discussed in 
more detail in part two of this article).
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Figure 6. The documentation of a statue of Emperor Augustus was one of many to come out of the collaboration between Mensi and 
the Coignard family in the 1990s. This example was one of the earliest attempts at creating a digital surrogate from an artifact. The 
point cloud (left) was used to generate a solid mesh (middle), which was then used to create a precise replica of the statue (right).

CloudCompare

Figure 7. The example above is a Poisson shading of inscribed stone surface from the Tristan Stone in Cornwall, UK.  Scan 
data was processed in CloudCompare and the test was carried out by George Bevan, Queens University, Canada. It built on 
previous work published by Adam P. Spring and Caradoc Peters outlined in the Journal of Archaeological Science article 
(Spring and Peters 2014).  Developing a low-cost 3D imaging solution for inscribed stone surface analysis. The on site 
collection of data is also seen in Figure 3 of part two of this article.

CloudCompare was developed as part of a PhD thesis between 2004-2007 by Daniel Girardeau-Montaut. Girardeau-
Montaut was working between Telecom ParisTech and EDF Research and Development (R&D) at that time. The software was 
initially geared toward industrial plant applications for "as-built" monitoring. This included the reporting and simulation of 
maintenance operations. However, previous mid-range TLS experience gained in organizations like EDF through MENSI - which 
included the heritage preservation work of EDF engineer Guillaume Thibault - took its development in other directions as 
well. For example, both the ambient occlusion shader (also referred to as 2D skydome) and unroll functions were implement-
ed by Girardeau-Montaut and Florent Duguet as part of scanning work done on the Omphalos in the museum at Delphi (Du-
guet et al. 2004; Thibault and Martinez 2007; Tarini et al. 2003). They represented features being implemented into software 
because of CH carried by EDF. The scans themselves were also inspired by Marc Levoy’s research group – more specifically the 
work that had been done as part of the Digital Michelangelo Project (INSIGHT 2018). Kevin Cain, who is discussed further in 
the sections Cultural Heritage as Marketing (Second to Third Phase) and The Non-profit Corporations (Third Phase) in Part 
two of this article, was also involved in the project.

Along with former Chief Technology Officer (CTO) of MENSI, Xin Chen, Guillaume - who supervised the development of 
CloudCompare – was instrumental in the development of the SOISIC scanners. Included in this development was the 3Dipsos 
software, as well as his involvement with both the Coignard family and CH projects discussed later in part two. CloudCompare 
uses an octree file structure that subdivides point cloud data into eight sections within the same coordinate system. This reduc-
es the computational power needed to work with large datasets, such as scandata, by spreading tasks between eight sections.
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in other words, still tethered to expensive custom hardware to 
make point cloud-based products work for an emerging user 
base. By 1999, a second wave of software came about due to 
the growing use of computers in the workplace. It was cen-
tered on client server-based workflows (Frei et al. 2005). Soft-
ware like Cyclone from Leica Geosystems, developed to be the 
successor to CGP by Cyra Technologies, is one such example 
from this period.

It was only in the 2000s that computer graphics became 
more affordable, because of companies like AMD and Nvidia. 
A substantial price and performance gap had existed between 
general and high-performance computing prior to this. For 
example, manufacturers like IBM viewed personal computing 
as the preserve of scientific or business machine applications 
(DeCuir and Nicholson 2016). The functionality and screen 
displays of personal computers were generally geared toward 
productivity software like spreadsheets and word-processing 
packages; they were not primarily made to be used for sophis-
ticated or visually complex graphics. Consumer applications 
that pushed those boundaries had their roots in entertainment 
or creative computing activities, such as video games and 
audio video production.

The Point Cloud
In the 1980s, the point cloud was revisited as an alternative 
to surface modeling, which had become a technique com-
monly used in computer graphics-based disciplines (Levoy and 
Whitted 1985; Levoy 2007). Earlier work on “virtual images” 
in the field of holography, however, had demonstrated the 
potential for documenting and presenting a scene in 3D using 
light-based techniques. The train examples generated by Leith 
and Upatnieks (1964), one of which is shown in Figure 1a, 
are a famous instance of this earlier work. CAD users started to 
realize that solid models made drafting and design processes 
more efficient—they could present actual surface conditions 
as opposed to working from plan drawings (Levoy and Whit-
ted 1985; Besl and McKay 1992; Kacyra et al. 1997; Addison 
and Gaiani 2000; Dekeyser et al 2003). At the same time, the 
potential to use personal computers for graphic-intensive tasks 
was also starting to emerge. For example, Amiga computers 
equipped with the Video Toaster from NewTek laid the founda-
tion for reasonably priced ray-tracing software like LightWave 
3D (DeCuir and Nicholson 2016). There was even a Scannerless 
Range Imager developed at Sandia National Laboratories to run 
on the Amiga (Sackos et al. 1998). Digital terrain modeling and 
height mapping had also become more accessible to a general 
audience. Design packages like Alias on SGI machines and 
fractal landscape generators like Scene Generator were bridging 
a gap that would later be filled by point clouds (Jaenisch et al. 
1994; Campbell 1997).

Point clouds provided a template from which scenes and ob-
jects could be modeled. From these point clouds, the “as-built” 
or “as-is” conditions of a scene could be used as the baseline 
data for survey-driven projects. This approach was fundamen-
tal to the CH-based workflows used by the Coignard family (fa-
ther and two sons) and EDF engineers like Guillaume Thibault. 
This early "as-built" based work–as applied to artifacts and 
cultural heritage sites–is explored in more detail in part two 
(Bommelaer and Albouy 1997; Coignard 1999; Thibault and 
Martinez 2007). Like the pixels of a photograph, which have 
an x- and a y-coordinate, a point cloud is used to document 
an environment with coordinates, except in three dimensions 
(Levoy and Whitted 1985; Levoy 2007). The z-coordinates give 
depth to the scene collected. Other information, like height-
field data and surface reflectance, can also be retrieved (Nitzan, 
Brain and Duda 1977; Y. Chen and Medioni 1992). One of the 
key outcomes of the relationship between Mensi and EDF that 

remains in use is CloudCompare – as discussed in more detail 
in Figure 7 (Daniel Girardeau-Montaut, email to author, April 
15, 2012). This EDF-funded point-cloud software became open 
source in 2009 (Girardeau-Montaut, n.d).

Summary
Part one of this article ends at a point where midrange TLS 
information starts to be collected to known accuracies, repeat-
ability of results and standards of resolution necessary for “as-
built” documentation. Otherwise known as a theoretical cam-
era model in 3D imaging, these types of considerations enable 
an object or scene to be documented within millimeters and 
centimeters over a known distance. Examples for repeatability 
of results within the context of midrange TLS include a) the 
ability to rescan an object or site with the same instrument 
and workflow to compare to previous results or baseline and 
b) features of the system architecture of the instrument, such 
as the number of times the signal of points returning to the 
scanner can be sampled to help improve data quality. 

Providing an historical perspective for development helps 
the potential user of midrange TLS to better understand it 
in a number of ways. First, it helps provide context to what 
might otherwise be seen as a black box technology - where the 
knowledge economy mainly resides with the manufacturers 
of the technology. Second, it helps to better contextualize how 
and why relative navigation remains at the core of midrange 
TLS technologies - because of early space and defense ap-
plications identified through agencies like NASA and funded 
by DARPA. Third, survey based solutions used today are part 
of a lineage that can be traced back to vehicle based solu-
tions. In other words, the technology made the transition to 
tripod based applications. It did not start out as a tripod based 
survey method. Fourth, the development of midrange TLS 
was closely aligned with and reactionary to broader develop-
ments in personal computing and microelectronics at time of 
publication. Fifth, a thread running throughout the history of 
midrange TLS is the need for applied research and develop-
ment based on detailed information retrieval in environments 
otherwise hazardous to humans. For example, it is a common 
point of reference between the foundation companies for 
commercial use - discussed in more detail in part two.
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