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Abstract 

With the several developments in visualization, sensing, 

perception innovation, and transmission systems, 3D 

information has considered as main part of real-world 

applications such as multimedia, medical, architecture, 

manufacturing, computer vision, security, and more. 

Acquiring the scene depth information is one of the 

fundamental demands for some of these applications. 

Although the extracting of 3D information has been studied 

for more than three decades in different fields including 

robotics, computer graphics, and computer vision, it remains 

a challenge and fundamental issue. Systems with high 

accuracy, more quality of information and high frame rate of 

data processing have been a unique research opportunity for 

numerous researchers in order to control the huge volume 

data and provide convenient solutions. Therefore, several 3D 

systems of various types, which have satisfied multiple 

objectives have been proposed and developed to meet the 

previous requirements. However, in the last few years, a 

special attention is devoted to time-of-flight (TOF) 

technology, which has more features including accuracy, 

efficiency, low-price and robust alternative for data 

acquisition compared to other technologies. This paper 

presents the 3D imaging techniques and acquisition systems 

that concern with range measurement. The differences in their 

principles and characteristics are discussed, considering 

various factors and appropriate method that provides low 

cost, high accuracy, and rapid range measurement, which 

allow the future researchers to select the suitable technique in 

developing their systems.  

 

Keywords: 3D Image Acquisition Systems, Time-of-Flight 

(TOF) Camera, Scene Depth Data, Range Measurement 

Techniques 

 

INTRODUCTION 

The knowledge of three-dimensional (3D) data and range 

imaging information is an essential element across a variety 

of global applications including computer graphics, medical, 

multimedia, robot vision, automatic navigation, automotive 

safety, computer interaction, tracking, action recognition, and 

more. Hence, acquiring three-dimensional (3D) geometries 

data from our real and complex environment has been an 

active subject of research for years. However, and in spite of 

significant achievement made during the last decades in such 

different fields, developing lower-price systems with the 

capability of providing a full range data and high-resolution 

distance information even in real time has been a unique 

opportunity for numerous researchers and developer. 

On another hand, for current intricate technologies, 3D 

perception has become a state-of-art concept to touch and 

deal with the real-world, where the visual image is the most 

appropriate method for 3D perception and data capturing as 

well as extracting 3D information from the scene. Thus, in 

order to capture the entire shape for desire objects, a massive 

data and samples must be acquired, in which a convenient 

method, accurate and high-speed system is necessary for 

dependable image acquisition as well as reliable processing.  

In contrast, the fundamental sensing and ranging devices 

could not meet all requirements and fulfill the desire needs 

for a variety of applications especially with high-precision, 

reliability, high-robustness as well as power, cost, and safety 

limitations still exist. Consequently, diverse systems, sensors, 

and techniques have been proposed and developed in order to 

overcome the previous issues and disadvantages with respect 

to several characteristic including physical size, robustness, 

weight, interfacing option, reliability, process requirement, 

high-resolution, price, and power consumption [1]–[7]. In 

addition, 3D Vision is the most powerful sense of human, 

which provides us a remarkable measure of information for 

the complex world around us in three-dimensions. It 

encourages us to interact and communicate with our 

surrounding environment intelligently, study the position and 

realize identities for the objects and the relationship between 

both of them, without the need of a physical contact. 

Therefore, the efforts and interests to construct machines and 

systems with a sense of Vision that able to interact and 

response to the situation have been one of the thrusts in the 

research vision community field [8] 

3D Vision is visualizing objects, surfaces, and things in their 

real shapes, dimensions, and geometries, in a comparable way 

to human visualizing process. For a long term, this principle 

has been widely investigated in order to understand 3D 

structures and generate a unique 3D system with the ability to 

extract 3D coordinate information of objects from their 

geometries and reconstruct their profile information. 

Inception the interest was to produce a 2D image from 3D 

real time objects. But, with the increase of demands and life 

improvement begins of realization of how to obtain a real-

time image or convert these 2D images to 3D that seem 

exactly like the real one, which provides these systems a 

feature of sense with enhanced naturalism and realism over 

traditional 2D systems.   
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Recently, with the rapid improvements in photonics, optics, 

electronics fields, 3D Vision systems form a major part, 

where there is a real evidence that a future huge market will 

be established as a result of the advances in 3D system and 

imaging technologies [9]–[12]. The imaging and 

visualization systems and techniques based (3-D) data had 

several advances due to the necessity of display, processing, 

recording, capturing, and high-quality 3-D image, where 

reliable and fast acquisition of 3D information has become a 

major requirement future development. 

This review paper will proceed as follows: In Section 1, an 

introduction to 3D vision and range acquisition is presented. 

Section 2, a review of common 3D systems used to perceive 

objects and achieve depth measurements. Section 3, a 

discussion of various techniques of scene depth estimation 

and 3D acquisition in term of respective performance, 

configuration, features, limitations, and solutions (including 

the use of time-of-flight technique and technology, which 

starts to have an impact on widely research and commercial 

applications) is followed. Thus, the completion of discussion 

can illustrate the interest of using time-of-flight technologies 

to revolutionize several research fields such as computer 

vision, computer graphics, and human machine interaction 

(HMI) towards more efficient output performance. In Section 

4, a clear comparison between the different techniques, for 

the importance of representing the efficient 3D measurement 

system, and conclusions of the paper are presented.  

 

REVIEW OF COMMON (3D) SYSTEMS UTILIZED 

TO PERCEIVE OBJECTS AND ACHIEVE RANGE 

MEASUREMENTS. 

For long term and in response to the major requirements of 

future development and quality of life improvements, 

enormous of advanced technologies and systems as well as  

methods that are appropriate for perceiving objects, gain data 

and depth in three-dimension (3D) have been proposed, 

extensively investigated, and developed with improving in 

their integrity, accuracy and decline in their costs [13]. These 

systems and technologies utilize different resources including 

electromagnetic wave, sound wave, ultrasonic, laser, light 

ray, and more. Which have exploited in a variety of systems 

including laser, radar, sonar, ultrasonoscope, imaging 

systems, (etc.). Among these systems, Laser Detection and 

Ranging (LADAR), a system of transmitting, detecting, 

processing, and receiving of an electromagnetic wave that 

reflects from targets. The laser sensors of these systems 

provide range image constructed of a set of point 

measurements from exactly one viewpoint. The system 

designed with the high capability of perceiving hard targets 

as the main feature. However, it requires complex 

components and the overall process to collect range is 

expensive and time-consuming. The Laser range finder 

(LRF), operates with the time of flight principle,  by 

transmitting laser pulse onto the surface object and receiving 

the reflected pulse to measure the time between sending and 

receiving pulse [14]. On 3D Laser Scanner, the concept of 

operation is similar to LADAR. However, the system has 

been generated for the aim of 3D digital measurement, 

visualization, and documentation, it’s capable of capturing 

3D digital information and obtaining images with high 

accuracy and speed [15]. another typical system is the Light 

Detection and Ranging (LIDAR), a system for terrain 

mapping, forest and vegetation measurement.  LIDAR has the 

ability of detect various reflections from only a single laser 

pulse [16]. Radio Frequency Identification (RFID), an 

automatic tracking and identification technology that utilized 

small tags (transponders) which are attached to a physical 

object, where the tags contain a store information. The system 

can be used as automatic tracking for people, machine, cash, 

airport baggage, train, shipping, cars, containers, automobile, 

and more [17]. Radio Detection and Ranging (RADAR), a 

unique technology of detection that utilized radio wave to be 

transmitted and reflected back by objects in order to obtain 

angle, velocity, range, and properties of targets. It has various 

types and utilization involving detect ships, guided missiles, 

aircraft, spacecraft, and weather formations [18].  Thermal 

Imaging is another technology of sensing objects based on of 

temperature scale difference, these technologies able to detect 

the heat given by the desired targets. A wide range of 

applications has utilized the concept of thermal imaging such 

as mining industry, firefighting, planes, military, medical 

applications. Global Positioning System (GPS), space-based 

system that determined the accurate position and provides 

timely information of the desired location anywhere on earth 

and under all-weather conditions. The GPS provides to 

commercial users, civil, and military with high capabilities 

worldwide [19]. Ultrasound technologies based on the sound 

wave is other approach of distances measurement and objects 

detection. They transmit high-frequency sound pulse by using 

transducer probe, which considers as main part of ultrasound 

technology machine. Then, the reflected waves received back 

by same transducer probe [20]. Table 1 review common (3 –

D) sensing systems which have the potential to perceive and 

detect objects, where this several technology systems are 

presented with different applications.  

Moreover, other unique resources of perceiving and capturing 

3D information of objects in our physical environment are 

(3D) cameras, these systems found their ways into a wide set 

of global applications [21]. However, through the various 

methods utilized for 3D imaging, Stereo Vision, Structure 

Light, and Time-of –Flight are the most common principles 

[22]. In contrast, stereovision principle is certainly the most 

widespread and direct technique for gaining three-dimensional 

(3D) data and range information among all the principles [23]. 

The advance in (3-D) imaging and visualization techniques 

and technologies starting with introducing what called “Mirror 

stereoscope” by Charles Wheatstone in 1828 which able to 

view two "flat" pictures drawn from slightly differing 

viewpoints. By 1844 David Brewster made the “Closed-box 

stereoscope” that can take stereo photographs image in (3-D) 

[19]. In 1855 "Stereo Animation Camera” the Kinematoscope 

produced which can to create 3-D motion pictures [20]. 

William Friese in 1890 introduced the instrumentation of 

stereoscopy that allows watching two separate films at right 

angles to each other. In 1915 (3-D) glasses with two different 

colored lenses was introduced which capable to direct an 

image to each eye for the first 3 D movie [20]. Hammond in 

the mid of (the 1920s)  presented the anaglyph imaging 

stereoscopic shadow, that presents a three-dimensional view 

in theater seats [21]. The technicolor “3-strip color image” 

https://en.wikipedia.org/wiki/Aircraft
https://en.wikipedia.org/wiki/Spacecraft
https://en.wikipedia.org/wiki/Weather_radar


International Journal of Applied Engineering Research ISSN 0973-4562 Volume 12, Number 10 (2017) pp. 2409-2421 

© Research India Publications.  http://www.ripublication.com 

 

2411 

system came out in 1935 and used for the first color 3D movie 

[22].   In addition, the advance was continued forward where 

in 1970 the stereovision was innovated. Table 2 illustrates the 

several advances in (3-D) imaging and visualization 

techniques and technologies until the innovation of 

stereovision. 

 

 

 

Table-1: A review of common (3 –D) sensing systems and technologies, which have the potential to perceive and detect objects in 

close proximity to heavy equipment. 

  

Technologies Application 

 
References 

Laser Detection and 

Ranging 

Designed mainly for the aim of hard targets detection. [23] 

Laser Range Finder 

 

Surveying applications, industrial applications, military purpose, traffic safety. [14] 

3D Laser Scanner 

 

3D digital measurement, visualization, and documentation. [15] 

Light Detection and 

Ranging 

 

A typical system for terrain mapping, forest and vegetation measurement. [16] 

Radio Detection and 

Ranging 

Has different types and uses including detecting ships, guided missiles, aircraft, spacecraft, weather 

formations, and more. 

 

[18] 

Radio Frequency 

Identification 

Automatic tracking for people, machine, cash, airport baggage, train, shipping, cars, containers, 

automobile, etc. 
[17] 

Thermal Imaging 

 

Utilized at most in mining industry, firefighting, planes, military, medical applications [24] 

Global Positioning 

System 

 

Provide accurate position and time information of desired location. The system provides to 

commercial users, civil, and military with high capabilities worldwide. 

 

[25] 

Ultrasound Technology Used mainly in medical devices, and checking for invisible flaws, and more. 

 

[26] 

 

Table- 2: Indicates to the advances (3-D) Systems to the innovation of stereo vision.

  

  Year   

   
      Type of 3D System 

 
Application 

 
References 

 

1828   Mirror stereoscope by Charles Wheatstone Viewing two "flat" pictures drawn from slightly differing viewpoints [27] 

1844 Closed-box stereoscope by David Brewster Taking stereo photographs image in 3D [19] 

1844- 

1890 
(Stereo Animation Camera) the Kinematoscope Ability to create 3-D motion pictures. [20] 

1890 
Instrumentation of stereoscopy 

by William Friese 
A viewer has been made to watch two separate films at right angles to each other [28], [29] 

1915 3-D glasses with two different colored lenses Direct an image to each eye for the first 3D movie [20] 

1920s 
Anaglyph imaging 

(stereoscopic shadow) by Hammond 
Create anaglyphs, that present a three-dimensional view in theater seats [21] 

1935 Technicolor (3-strip color image) system Using a technicolor for first color 3D movie [22],[30] 

1952 Natural vision process Using 3-D color feature in producing (bwana devil) movie USA. [20] 

1960 Space-Vision 3D technology Taking two pictures and printed them over each other on a single strip [22] 

1970 Stereovision 
3D innovation set up two pictures  

squeezed together next to each other on a single strip.  
[31] 

https://en.wikipedia.org/wiki/Aircraft
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OVERVIEW OF COMMON 3D ACQUISITION AND RANGE MEASUREMENT TECHNIQUES 
 

Table 3: 3D imaging techniques classification  [32]–[35]. 
 

Technique Direct Indirect Active passive Range Triangulation 

Stereo vision         

 

  

Time-of-flight          

Structured light           

Photogrammetry           

Interferometry          

Laser triangulation          

Shape from 

shading 

        

Shape from focus           

Shape from 

shadow 

         

Shape from 

photometry 

        

Texture gradients         

 

The presence of an object can be sensed and detected, 

while its distance can be measured via some range 

physical phenomenon limitations. Thus, in order to 

achieve efficient depth measurements, various techniques 

have been developed and widely investigated. These 

techniques are basically based on structured light, 

triangulation or time of flight [36].  The methods 

techniques are existed to acquire the depth measurement 

and information from the scene.  

In general, these techniques are classified into two main 

parts (direct and indirect) [32]. However, the direct 

techniques are grouped into two main categories, active 

and passive. The first category (passive techniques)  don’t 

use a certain structure power source to form or construct 

an image [33].Thus, in the calculation of range,  the power 

light source might not be directly used. While, second 

category refers to (active techniques) that use a certain 

structure energy source to emit light, where the entire 

object surface is scanned through the active source that 

moves around an object such as a scanning laser, project 

pattern of light and  the camera works as detector [34], 

[35].  

 

Stereo Vision (Passive Triangulation) 

To date, the most widespread and common direct 

approach for obtaining three-dimensional (3D) 

information and depth acquisition is stereovision principle 

(SV) [37], based on the concept of Sir Wheatstone of 

(mirror stereoscope) [20], using two images taken from 

two different points of view. However, the term “stereo” 

is an origin Greek word “stereos” that means solid or firm, 

with stereo, objects are seen firm in three-dimensions (3-

D) with range [38].  

 

While stereo vision (passive triangulation) principle refers 

to the process of determining the 3D data and  

  

the range for any visible object in the space by measuring 

the angle from two known points with a fixed baseline 

instead of determining the distance to object point directly. 

Where the target point can be considered as the third point 

for the triangle [32]. Figure 1 illustrates the Stereo Vision 

common principle. 

 

 
 

Figure 1:   Stereo-vision principle (passive 

triangulation).   
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     The common stereo vision systems use at least two 

multiple cameras concurrently separated by a horizontal 

distance called (baseline) [39]. These cameras capture the 

identical images for the object from two different positions, 

and these images can be further processed to provide reliable 

and sufficient features, and by applying disparity approach on 

the two images the depth (z-axis) can be obtained for the same 

object besides the coordinates (x, y- axis) planar. In principle, 

stereo vision reconstruction approach utilizes the next 

sequence of steps in processing (1) Scene image acquisition, 

(2) Stereo camera modeling, (3) feature extractions, (4) 

Analysis correspondence points, (5) Triangulation, no need 

for extra equipment e.g. (light sources or special projection). 

The remarkable features of stereo vision approach are the low 

cost, simplicity, the achieving of a high-resolution of entire 

range scene without moving parts or energy emission. 

However, the major challenge in stereo a system is solving 

the correspondence problem (identifying the common points 

for image pairs) [40]. Until the correspondence can be 

established, disparity, and therefore depth, cannot be 

accurately determined. Solving the correspondence problem 

involves complex computationally intensive algorithms for 

feature extraction and matching to minimize percentage error 

matches and achieve high depth accuracy. To overcome these 

problems various researches and techniques have suggested 

and performed such as [41]–[47]. Moreover, the limited field 

of view is another disadvantages of stereo system, where 

several methods have been proposed to enhance this issue 

including using rotating cameras  [48]–[51]increase number 

of cameras [52]–[54]. 

 
Structured light  

Structure light technique is representing the active version of 

triangulation technique for scene acquisition and 3D 

measurement, which had a wide range acceptance in 

scientific and industrial applications. In this technique, a 

combination of an active external projection e.g. (LCD/DLP 

projector or laser) and a single camera (with imaging sensor) 

are utilized which known as (an active stereo pair). The 

concept of structure light is well illustrated in Figure 2. 

 

The light emitting source (20) projects light pattern which can 

be (multi stripe, stripe, single spot, binary, sine wave, and any 

complex pattern) toward the desired 3D object. Then, the 

light is distorted by the 3D object and detected by the camera 

(18).  One or more of detected images are stored for further 

processing by an image processing part (12). During this 

process, an analyzation for the distortions of structured light 

is performed to obtain a spatial measurement for different 

points on the desired 3D object. The extraction of depth 

information can be done by the measuring of distortion 

between reflected and captured image. However, the main 

advantages of this system are the high data acquisition rate 

intermediate measurement volume, and performance 

generally dependent on ambient light. In contrast, the 

limitations of this system are missing data in correspondence 

with occlusions and shadows, and computationally middle-

complex [15], [55], [56]. 

 

 
Figure 2: Structured light system principle.  

 

 

Photogrammetry 

As the name implies, Photogrammetry is the science of 

acquiring an accurate coordinate measurement and reliable 

information of desire objects from photographs. However, 

based on the triangulation principle, Photogrammetry is a 

method for precise three-dimensional (3D) measurements, by 

taking Photographs from two or more locations known as (the 

lines of sight) and measuring the point of interest for each 

photograph.  The interaction of these lines of sight pairs can 

be triangulated then to produce (3D) coordinate of the point 

of on target object.  A remote sensing and high-speed imaging 

are may be employed by Photogrammetry for the aim of 

detecting, recording, and measure three-dimensional motion 

and complex 2D fields [57]. Where the information extracted 

from the photographs is transformed into a meaningful and 

reliable result.  

 

In general, there are two typical types of Photogrammetry: 

Aerial Photogrammetry and close range Photogrammetry. 

The aerial Photogrammetry is often involved with 

topographical mapping production, where the images are 

carefully collected to support mapping and the camera 

parameters are well known for ultimate accuracy achieving. 

While the close-range Photogrammetry involves with 

photographs that are acquired from proximity distances. It 

may use for creating 3D models, but perhaps it’s not utilized 

for topographical mapping. However, the concept of this 

technique is applied to a diverse set of applications including 

Heritage, city modeling, architecture, medical imaging, 

security, anthropometric analysis, databases, face 

recognition, and more. [58]. Figure 3 illustrates the operating 

Photogrammetry principle. 
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Figure 3: Photogrammetry principle 

 

 

In addition, Photogrammetry and stereo share the same 

objective of acquiring 3D models from an image and this is 

currently employed in the applications of computer vision. 

Where the techniques depend on the utilizing of camera 

calibration methods [59]. 

 

Laser triangulation 

Triangulation is a common formulation for images. The 

general laser triangulation configuration and principle is 

shown in Figure 4, which comprises of triangulation laser 

sensors contains laser source and CCD/CMOS detector or 

position sensitive detector (PSD). The laser generates a beam 

toward the surface or measurement target at position P. Then, 

the reflected light of laser beam falls or drops incident to the 

detector element at a specific angle based on the distance, 

where the lens is utilized to create a picture or an image of the 

beam at the image plane. From the laser beam position on the 

detector and the distance between the sender and receiver 

element as well as calculating of the angles, distance to the 

target object can be measured.    

 

The laser triangulations are a common instrument for 

acquiring 3D information and gaining the distance of objects. 

However, regarding the ease of implementation and low in 

price, and high data acquisition rate made laser triangulations 

one of prevalent technology on the global market. Where its 

application extends from biomedical such as cardiovascular 

instrument to industrial applications, which required non-

contact measurement and 3D scanning [60], [61], [62]. 

 
 

Figure 4: Laser triangulation configuration and principle. 

 

 
Interferometry 

A typical measurement method by means of using 

phenomenon interference of various waves (often light, 

sound or radio waves). This measurement usually includes 

specific characteristics of the waves and surfaces that waves 

are interacted with. Interferometry often operates (In term of 

light waves) by sending a coherent beam of light that splits or 

divides into two identical light beams using a beam splitter 

(also known as half-mirror, half-transparent mirror). Each 

beam of these will move in a different path and they 

recombined before received by the detector. The difference in 

the distance that each beam traveled (the path difference) 

creates a certain phase difference between both of the beams, 

and that generates an interference pattern which analyzed by 

the detector in order to evaluate material properties wave 

characteristics, calculating the displacement change. It has set 

of applications in science and industry including growth 

monitoring, concentration mapping, surface topography, 

temperature sensing. [63], [64].  

However, systems based on the interferometry principle are 

successfully used in coordinate measuring machines (CMMs) 

calibration.  Where (CMMs) utilized to perform and achieve 

high accuracy measurement [65]. another system depend on 

interferometry is called Michelson interferometer, Figure 5 

clarifies interferometry concept related to Michelson 

interferometer working principle. Moreover, the main feature 

of this system is the high-level accuracy “sub-micron of 

accuracy for the sub- micro ranges”. While main 

disadvantages for interferometry method is the high cost and 

the limited applicability especially in the industry 

environment. 
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Figure 5: Interferometry principle based on Michelson 

interferometry. 

 

 

Shape from focusing 

Shape from Focus (SFF) is an optical technique that involved 

from the passive approach by recovering three-dimensional 

(3D) shapes of objects from two-dimensional (2D) image to 

an active sensing approach by projecting light toward target 

objects to overcome difficulties in discerning surface texture. 

In this method, a sequence of images at different focus levels 

is acquired. While the objective in (SFF) is to determine the 

absolute depth by calculating or measuring the distance from 

the camera lens of well-focused position for each object point. 

The moment that distances for every point of the object are 

found, the recovering of 3D shape can be easily preformed. 

Imaging devices with lenses of long focal lengths particularly 

suffer from the limited depth of field. Thus, in acquiring an 

image, there are parts of an object are defocused, while others 

are well-focused.  

 

Figure 8 shows a simple schematic of (SFF). As an initial 

step, the object with unknown depth is located on a reference 

plane and then translated in optical direction with finite steps 

with respect to aperture camera. Where an image is capturing 

at every step and huge visual observations are acquired. The 

distance between the reference plane and focus plane is 

known. The Measuring of focus point needs a major number 

of images with gradual distance movement onto the focus 

plane. However, every shape from focus scheme depends on 

an approximation technique and focus measure operator. 

Where focus measure operator has an important role for (3D) 

shape recovering because it considered as the initial step in 

measuring the depth map. Thus, it must provide an efficient 

estimation of depth map by showing high robustness even 

with the existence of noise [66], [67]. 

 
 

Figure 6: Shape from focus (SFF) basic schematic. 

 

 

Shape from Shading 

Shape from shading (SFS) is a method that utilized a pattern 

of shading in one image to estimate or deduce the shape of 

the surface in the scene. The (SFS) requires the acquisition of 

the target object from a single view angle, while the position 

of the light source is varied. Contrary to other 3D 

reconstruction techniques e.g. (photometric and stereo), in 

shape from shading (SFS) data are minimal (use of a single 

image) to infer three-dimensional of a surface. The variant of 

this technique refers to the variation of the lighting cases or 

conditions. The monochrome images of smooth surfaces 

particularly with homogeneous reflecting features exhibit a 

varying in the image shading. This is because of the 

interaction of various factors including the shape of the 

surface, the reflecting characteristics of the material, the 

illumination, and the image projection.  

The issue of shape-from-shading being in extracting the 

shape information from shading data. However, due to the 

number of factors affected in the shading values, additional 

information should be provided in order to determine the 

shape depicted in an image. Thus, the shape information can 

be extracted by a review of the algorithms, starting from the 

reflectance map that specifies the radiance of the surface as 

function of its orientation.[68],[69]. 

 

Time-of-flight (TOF)  

During the last years, several time-of-flight (TOF) range 

technologies established themselves in multiple fields 

including industrial, entertainment and academic 

environments. While the time-of–flight principle has been 

extensively studied and investigated.   Time-of-flight (TOF) 

is a method of resolving or measuring the distance between 
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camera and object surface, based on a known speed of light 

“transmitting medium” and the absolute time difference 

between the emission signal from “transmitter” and its return 

to the “receiver” of the camera after the reflection by the 

object. Figure 7 illustrates time-of-flight (TOF) common 

operating principle. 

 

 
 

Figure 7: Shows the basic time-of-flight (TOF) principle 

and configuration. 

 

The term (TOF) reference to the time for the light to travel 

from “illumination unit that is typically either laser or a near-

infrared wavelength LED array” to the target surface and 

back to the (receiving unit that contains an image CMOS. 

However, the most fundamental description form of (TOF) 

concept is shown in Figure 10. The light pulse projected by 

the transmitter of “illumination unit” needs to travel onto a 

visible object and back to the reference point “detector” of the 

receiving unit after being reflected by the visible object. In 

practical, the receiver and the active light source are located 

close to each other. While the target distance is obtained from 

the time difference between the emitted and receiving light 

signals. Due to precise knowledge of the speed of light that is 

constant, the distance of the desired target can be easily 

determined [70]. 

 

In general, diverse techniques of illumination are utilized in 

time-of-flight (TOF) measurements. They certainly 

distinguished as continuous wave modulation (CW), pulsed 

light modulation, or a combination of both. Each of these 

operation modes has its specific advantages and 

disadvantages. However, for the pulse light operation mode, 

the time is measured directly and the main feature is a 

possibility and in a very short time to transmit a high amount 

of energy. Therefore, a high short-term of the signal-to-noise 

ratio is achieved and low main of optical power value is 

maintained. Furthermore, it decreases the requiring on a high 

sensitivity and the signal-to-noise ratio of the receiver 

(detector). Thus, it will enable the measurements for long 

distance. In contrast, the continuous wave modulation (CW) 

operation mode has the possibility of utilizing alternative 

demodulation and detection mechanisms. However, for this 

operation mode, a larger variety of light sources are available 

because fall times and fast rise are not required. In addition, 

various shapes of signal are available including square-

waves, sine-waves, and “PN modulation”. However, in this 

method the phase difference between sent and received signal 

is measured. As the knowing of the modulation frequency, 

the measured phase corresponds to the time of flight directly. 

On another hand, the operation mode for the combination of 

the pulsed light and CW-modulation combine their specific 

features including a better optical signal-to-noise 

performance, increased eye safety because the low mean 

value of optical power and large freedom in selecting 

receivers and modulators. 

 

Furthermore, the recent decades have seen an enormous 

tendency to employ new technologies that are characterized 

with more accuracy, reliability, and inexpensive 

computational cos to capture and analyses objects in our 

surrounding in order to provide reliable information. These 

technologies are based on many techniques as has been 

explained above. Time- of flight camera is a great device with 

the ability to capture 3D information in real time. The 

particular characteristics of time-of-flight camera have 

proved to offer important advantages in numerous fields. 

Table 4 gives a comprehensive overview to a different set of 

applications for several researchers using the (3-D) image 

systems especially the time-of-flight camera as main part of 

their systems. These applications involving various tasks 

such as object task with different advantages including 3D 

acquisition at a high rate, depth enhancement, accuracy and 

robustness improvement [71]–[77]. On contrast, other task 

involves scene and human such as in [78]–[82] with multiple 

features including high depth data for rich texture objects, 

overcoming the modular errors at a high rate, generate and 

propose solutions for systematic error. 

 

Moreover, time-of-flight is typically distinct from the laser 

scanning system, where it requires no moving parts and 

captures the entire field simultaneously rather than scanning 

point by point through the scene. However, by capturing the 

entire scene at once, Time-of-flight system is capable of 

providing depth at high frame rates.  In comparison to another 

system such as stereo-based range imaging TOF systems 

required much less computation, and not affected by ambient 

light. It is also not dependent upon an intensive textured 

surface. In addition, in comparing to structured light (TOF) 

system offer other features, where its resolution of 

measurement is independent of the hardware’s geometry and 

the setup is confocal it suffers no occlusion, Tables 5 and 6 

illustrate a clear comparison between (TOF), stereo, and 

structured light systems in term of several characteristics 

including range, material cost, depth accuracy, power 

consumption, frame rate, correspondence problems, and 

more.  
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Table 4: The utilization of time-of-flight principle and technologies by several researchers.

  

Year Type of  

technology used 

Application Features References 

2007 TOF 

SR3000 

Visual position tracking Acquiring 3D data and depth with ease, 

without need for model 

[71] 

2007 TOF 

SR3000 

Human tracking applications 3D data with high rate [79] 

 2008 TOF 

SR3000 

 3D maps for planar surface 

extraction 

Improve range data / 3D acquisition with 

high rate 

[72] 

2008 TOF 

Camera 

 Car park assist and backup 

application 

 

 

3D acquisition with high rate 

[75] 

2008 TOF 

camera + Stereo 

Calibration method to improve 

(TOF) performance. 

Enhanced depth, improved accuracy, 

and robustness 

[76] 

2009 TOF 

SR3000 

3D mapping and localization for 

larger indoor environment 

3D at high rate [80] 

2009 TOF 

SR4000 + Stereo 

Perform objects categorization for 

range of objects 

Accurate categorization for objects, easy 

combination TOF with stereo 

[73] 

2010 TOF 

SR4000 

Close range metrology 

applications measurement. 

Providing sub-millimeter precision 

camera range 

[76] 

2011 TOF 

SR4000 + Stereo 

Surfaces with rich texture  A high-quality depth data for rich 

texture object 

[74] 

2012 TOF 

SR4000 

Wide range scene measurements Overcoming the modular errors of a 

stereo TOF with high rate 

[78] 

2013 TOF 

camera 

3D distance measurement Reduction temperature induced error of 

illumination source 

[81] 

S2014 TOF  

camera 

Long distance measurement 

systems  

Accurate distance measurements [82] 

2015 TOF 

SR4000 + color 

camera pair 

3D data and range measurements 

applications 

Acquiring an accurate set of 

correspondences 

[83] 

2016 TOF 

SR4000 + Kinect 

Range measurements and scene 

acquisition applications 

Overcoming systematic 

error 

[84] 

 

 

 

Table 5: Characteristic comparison between stereo vision, structured   light, and time-of-flight  technologies  [2], [85], [86] [70]. 

 

Characteristic Stereo Vision Structured   Light Time- of -flight  

Software complexity High High Low 

Material cost Low High/Middle Middle 

Response time Middle Slow  Fast  

Low light performance Weak Light source (IR or visible) Good (IR, laser) 

Outdoor Good Weak Fair 

Depth (“z”) accuracy Cm µm – cm mm – cm 

Range Mid-range Very short range  Short range  

Bright light performance Good Weak Good 

Power consumption Low Medium Scalable 

 

 

 

https://scholar.google.com/scholar?cluster=15044552587437503433&hl=en&as_sdt=0,5&sciodt=0,5
https://scholar.google.com/scholar?cluster=15044552587437503433&hl=en&as_sdt=0,5&sciodt=0,5
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Table 6: Comparison between time-of-flight, stereo vision,  structured light systems [87], [40].

 

Difference Time-of-flight (TOF) Stereoscopic vision Structured light 

Correspondence Problem No Yes Yes 

Extrinsic calibration No 

(When used alone) 

Yes Yes 

Auto illumination Yes No Yes 

Untextured surfaces Good performance Bad performance Good performance 

Image resolution Up to 204x204 High resolution.  

Camera dependent 

High resolution. 

Camera dependent 

Frame rate Up to 25 fps Typically, 25 fps 

Camera dependent 

Typically, 25 fps 

Camera dependent 

 

 

SUMMARY OF COMPARISON 

 

Table 7: Comparison between the most popular 3d acquisition and range measurement techniques in term of their 

advantages and disadvantages [86], [85] ,  [70],  [42], [48], [55], [15], [88], [60], [63]. 

Technique 

 

Advantage Disadvantage 

Stereo Vision - High level precision on well-defined 

objects and targets 

- Simple and inexpensive 

- Achieving a high resolution of entire 

range scene 

- Low data acquisition rate 

- Computation difficult and quite demanding 

- Sparse information and data covering 

- Usually limited to the well-defined object 

- Dependence on scene surface texturing 

Structure Light - High rate of data acquisition  

- Intermediate or medium volume 

measurement  

- Generally, the performance of the 

technique dependent of ambient light 

- Missing data in correspondence with 

occlusions and shadows 

- Safety constraints, if laser based and expensive 

- Computationally middle-complex 

 

Photogrammetry - Simple and low-priced 

- High accuracy on well-defined targets 

- Computation demanding 

- Limited to well-defined scenes 

- Computation demanding 

- Sparse data covering and Low data acquisition 

rate 

 

Laser 

Triangulation 

- Intermediate or medium volume 

measurement  

- High data acquisition rate 

- Performance generally dependent on 

ambient light 

- Safety constraints, if laser based 

- Cost 

- Computationally middle-complex 

- Missing data in correspondence with 

occlusions and shadows 

 

Interferometry - High-level accuracy 

- Sub-micron accuracy level for the 

micro-ranges 

- Measurement capability limited to quasi-flat 

surfaces 

- Cost 

- Limited applicability in industrial 

environment 

 

Time-of-Flight - Generally, the performance of (TOF) 

independent of ambient light 

- Efficient data acquisition rate 

- Medium to large measurement range  

- High accuracy 

- At close ranges, accuracy is inferior to 

triangulation method 

- Require more power for the active 

illumination. 

- A bit cost 

 

Shape from 

focus 

- Simple and low-priced  

- Available sensors for micro-profilometry 

and surface inspection. 

 

- Performance affected by ambient light (if 

passive) 

-    Limited fields of view and non-uniform 

spatial resolution 
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Low systems accuracy of controlling the huge volumes data with 

a more convenient method is one of the critical issues of 3D 

acquisition and imaging systems. It can be concluded that high 

accuracy, more quality of information, a high frame rate of data 

processing, and reasonable cost are main terms for any unique 

system. For this and as a brief conclusion for the table above 

several 3D systems of various types and different methods have 

been discussed in term of features and limitations.  Table 7 

illustrates the reasons behind the special attention, which devoted 

to the use of time-of-flight technology to have a system with high 

accuracy and more quality information toward achieving a 

further advance in 3D imaging and acquisition technologies. In 

contrast, most of the other systems are limited to well-defined 

scenes with less controlling for the complex data and 

information. Time-of- Flight with the features of accuracy, 

efficiency, reasonable price, and high data processing can be a 

robust alternative for data acquisition compared to other 

technologies. However, the use of Time-of- Flight technology 

has the potential of opening a massive field of supplemental 

applications and solutions in markets including multimedia, 

robotics, 3D imaging, and medical technologies. Another feature 

of the time-of-flight is that (TOF) range data is complete, and 

thus it can be used for the avoidance/negotiation of obstacles in 

the surrounding environment with a high rate.    

 

 

CONCLUSION 

Three-dimension (3D) acquisition and depth measurements have 

gained a significant role in industrial, academic, entertainment, 

and more environments applications. Systems with high 

accuracy, more quality of information, high frame rate of data 

processing, low cost have been a key point of research for 

numerous researchers in order to provide convenient solutions in 

such different area. A review of some common systems of the (3-

D) data extraction and range imaging measurements with 

different concerns including respective performance, 

configuration, and applications have been presented. In contrast, 

range imaging techniques all with their operation principles, 

advantages, and disadvantages have been discussed with more 

details. Full clarification for the time-of-flight (TOF) concept, 

which had special attention in last few years due to their high 

performance, efficient measurement, and high accuracy if 

followed. Thus, this work is certainly helpful in understanding 

the (3D) perception and range measuring techniques as well as 

introducing an appropriate technique which has a high low cost, 

accuracy, easy to use, rapid measurement. It aims to provide 

reliable reference for researchers who are interested in (3D) 

image acquisition and depth measurement. 
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