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Abstract 

Human body scanners using structured light are usually comprised of one projector which provides a 
limited view of the body surface due to limited field-of-view. To scan the whole surface of a human 
body multiple projectors must be used. Using more than one projector in a structured light scanner is 
typically difficult due to inter-projector interferences which make surface reconstruction a hard task. We 
propose to use temporal phase-shifts to enable multiplexing in fringe-projection profilometry. In our 
approach each projector projects a sinusoidal fringe pattern having its own specifically chosen set of 
temporal phase shifts so for a system of � projectors all temporal phase shifts together comprise a 
DFT���� basis. Such choice of temporal phase shifts enables simple and efficient separation of the 
combined pattern into the contributions of each projector. The proposed approach places no con-
straints on the number of projectors and on spatial projector placement. We demonstrate the 
applicability of the proposed approach on a prototype human body scanner using three projectors and 
six cameras. 
 
Keywords: multi-projector human body scanner, simultaneous projector employment, fringe projector 
profilometry, frequency-division multiplexing, 3D body scanning 

1. Introduction 

The surface of a human body may be scanned using various techniques including structured light [1]. 
Two basic components of a structured light (SL) scanner are a projector and a camera. A projector 
projects coded light patterns onto an object which is then imaged by one or more cameras. Decoding 
the code of the observed pattern enables reconstruction of a surface profile of the imaged object. 
 
A majority of structured light (SL) scanners described in the literature use a single projector only [2,3,4]. 
Unfortunately, using a single projector significantly limits the imaged area due to a finite field-of-view 
(FOV) of the projector. As a consequence it is impossible to obtain a complete surface profile using a 
single projector only. Using more projectors and cameras extends the FOV of the scanner so the 
whole surface of an object may be imaged. Adding cameras to a SL scanner is trivial as camera is a 
passive device. However, adding projectors to a SL scanner is hard as projector is an active device: 
multiple projectors which share a common FOV always mutually interfere. This superposition of pat-
terns from multiple projectors always makes pattern decoding hard and for certain SL patterns even 
impossible. Curiously, the projector interference problem is not often discussed hence almost all SL 
patterns described in the literature [2,3,5] are designed for a single projector. 
 
There are two approaches to using multiple projectors in a SL scanner: (1) projectors are employed 
sequentially in turns [6,7,8] and (2) projectors are employed simultaneously [9,10,11,12,13,14]. The 
first approach completely avoids the interference problem at the cost of extended scanning time which 
grows linearly with the number of projectors. As projectors are used in turns the sequential employ-
ment allows one to select and use any of the various SL patterns described in the literature. The 
second approach offers significant advantage of shorter scanning times but has to cope with the in-
ter-projector interference problem [6,14,15]. This usually requires specifically designed SL patterns 
which are insensitive to interference. There are currently only several multi-projector scanners de-
scribed in the literature all of which solve the interference problem in different ways. The most common 
approach is to use different spatial orientation of projectors: Woolford and Brunett [9] describe a 
two-projector system where one projector uses horizontal and another vertical sinusoidal fringe; Je 
et al. [10] describe a two-projector system where one projector uses horizontal and another vertical 
color stripe pattern; and Sagawa et al. [11] and Furakawa et al. [12,13] describe a multi-projector 
system where each projector uses color line pattern with different spatial orientation. Other approaches 
described in the literature [16,17] are application limited and in general cannot be used to scan a hu-
man body. 
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The fringe projection profilometry (FPP) is well established approach to SL scanning due to its inherent 
robustness, its insensitivity to ambient illumination, and its ability to provide high-resolution scans [18]. 
In FPP a series of phase-shifted sinusoidal fringe patterns each having a different phase shift is pro-
jected in time. The phase of projected sinusoidal fringes contains the code which is required for 
surface reconstruction. FPP may be extended to multiple projectors by using either spatial or temporal 
multiplexing to resolve the mutual projector interference. Spatial multiplexing means assigning a dif-
ferent spatial orientation to each sinusoidal fringe as described by Woolford and Brunett [9] for the 
case of two projectors. Temporal multiplexing means assigning different temporal phase-shift se-
quence to each sinusoidal fringe as described in our previous work [14]. 
 
We propose to use temporal multiplexing for multi-projector structured light scanning [14] where each 
fringe has its own carefully selected set of temporal phase shifts, i.e. temporal phase-shifts are se-
lected to form an orthogonal basis of the discrete Fourier transform (DFT) which enables efficient 
separation of individual fringes from their combination. Using this approach we have developed a 
multi-projector multi-camera SL human body scanner which is able to employ all projectors simulta-
neously. The important advantages of such system are: (1) increase of the imaged surface area 
compared to single-projector scanners; (2) shortening of the acquisition time compared to sequential 
projector employment; and (3) there are no constraints on projector placement and on fringe orienta-
tions compared to systems which use spatial multiplexing. Additionally, the proposed approach may be 
easily extended to an arbitrary number of projectors and cameras making it possible to construct 
complex scanners which have no blind spots. 
 
This article is organized as follows: In Section 2 we present the proposed multi-projector scanning 
method. In Section 3 we describe the developed prototype, present obtained experimental results and 
provide discussion. We conclude in Section 4. 

2. Multi-Projector Multi-Camera Scanning 

The proposed multi-projector multi-camera human body scanner uses FPP where sinusoidal fringe of 
each projector has specific carefully selected temporal phase shifts. Therefore in this section we first 
give a short review of FPP after which we describe the proposed de-multiplexing scheme. Next we 
describe how the projectors are synchronized in software to achieve simultaneous projection. Finally, 
we give a brief outline about how the system is calibrated. 
 

2.1. A Short Review of Traditional Fringe Projection Profilometry 

In traditional fringe projection profilometry [18,20] a sinusoidal fringe projected by the projector may be 
described in projector’s coordinate system as 

  (1) 

where 	 is the frame number and where temporal phase shift 
�	� of each of  frames is given by 

  (2) 

The camera observes a reflected fringe of Eq. (1) which in camera’s coordinate system is given by 

  (3) 

where �AMB is ambient illumination, where number ℎ, 0 ≤ ℎ < 1, models pixel-dependant channel 
loss, and where unwrapped phase Φ = ��PRJ encodes projector coordinate required for 3D recon-

struction. From  recorded frames a wrapped phase � ≡  ��PRJ  !mod 2&' may be recovered using 

  (4) 

The wrapped phase is then unwrapped using one of the well known phase unwrapping algorithms 
[19,20,21] to obtain projector’s coordinate �PRJ which is required to reconstruct the surface profile via 

triangulation [22]. 
 

� = atan2!− ∑ �CAM sin!
�	�'01�
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2.2. Proposed Multiplexing using Temporal Phase-Shifts 

If more than one projector is used then each camera observes ambient illumination together with the 
contribution of each projector. Let � be the number of projectors used. Then Eq. (3) transforms to 

  (5) 

where index @ denotes parameters of @-th projector. Note that for some scanning setups a particular 
ℎA may equal zero if camera and projector do not share a common FOV. As described in our previous 
work [14] the contributions of each projector may be recovered from the additive sum of Eq. (5) if the 
following conditions are satisfied: 

  (6) 

  (7) 

In other words, (a) the number of phase shifts must be equal to or greater than twice the number of 
projectors plus one and (b) phase shifts of each projector must be selected so they match phase shifts 
of a basis vector of the discrete Fourier transform in  points. The choice of phase shifts given by 
Eq. (7) enables us to replace many wrapped phase computation of Eq. (4) by more efficient computa-
tion of the discrete Fourier transform using the FFT algorithm [23]. Applying the FFT to   frames 
pixelwise yields a -element complex spectrum: the wrapped phase �A of @-th projector is the neg-
ative phase of the @-th spectral component while the amplitude of @-th spectral component is contrast 
which may be used to identify illuminated areas. 
 
The proposed scheme for multi-projector scanning may be summarized as follows [14]: 
 

1. For each of � projectors generate a set of  ≥ 2� + 1 fringe patterns using Eq. (1) where 
temporal phase shift of each projector is given by Eq. (7). 

2. Set P projectors to simultaneously project fringes so each camera observes  frames con-
taining a combination of projected fringes. 

3. For each camera decode a set of  observed frames as follows: 
a. Decompose in time the set of  frames using the fast Fourier transform in  points. 
b. Determine the area illuminated by @-th projector by comparing the magnitude of the 

@-th spectral component to some preselected threshold. 
c. Recover the wrapped phase �A of @-th projector as the negative phase of the @-th 

spectral component. 
d. Unwrap the wrapped phase �A  using any of the unwrapping algorithms from 

[19,20,21]. 
e. Compute projector coordinate �A from the unwrapped phase. 

4. Triangulate the surface using all collected camera and projector coordinate pairs. 
 

2.3. Software Synchronization 

One necessary prerequisite for simultaneous projection is synchronization of projectors and cameras. 
The synchronization may be implemented in hardware or in software. Hardware implementations use 
custom synchronization circuits [24,25] or standard video-genlocks [26,27] while software implemen-
tation relay on the precise timing of projection and acquisition [28]. 
 
We propose to use software only synchronization which is based on our previous work [28] where a 
VBLANK interrupt is used as a master timing signal to synchronize one or more cameras to a single 
projector. One challenge when extending our software-base synchronization [28] to multiple projectors 
is that each projector will have its own VBLANK interrupt. In other words on consumer grade video 
graphics cards VBLANK interrupt for each output occurs at different time as video output ports are not 
synchronized; exceptions are synchronized display solutions intended for large-scale video walls such 
as NVidia’s Quadro Sync [29]. To synchronize projectors in software, additional overhead delays will 
be included into the scheme of [28] to achieve the following: (1) new frames may be presented by each 
projector only after all cameras have completed acquisition, and (2) no camera may be triggered be-
fore the delay time of the slowest projector has expired. A timing diagram showing the proposed 
software synchronization scheme for a simple two-projectors two-cameras scanner is shown in Fig. 1. 
The maximum achievable acquisition frame rate when using the proposed software synchronization 
scheme is 


A�	� = 2&@	 ⁄ , 	 = 0, … ,  − 1 and @ = 0, … , � − 1 

 ≥ 2� + 1 

�CAM = �AMB + 9
:

∑ ℎA�A!1 + cos!�A�A + 
A�	�''�1�
A34 , 
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  (8) 

where CD,max is the delay time of the slowest projector, CF is the camera exposure time, CG is the 

frame readout and data transfer time, and CH is the unavoidable overhead time 
 

 

Figure 1. Timing diagram for software synchronization of two-projector two-camera 3D scanner. 
Note that PRJ1 is the slowest projector. 

 

2.4. System Calibration 

A simple calibration procedure for multi-projector multi-camera scanner is necessary for the system to 
be usable in practice. Single projector scanners are most often calibrated by using a single planar 
calibration board: (1) a method of Zhang and Huang [30] is used to enable each projector to capture 
the image of a calibration board like a camera; (2) Zhang’s method [31] is used to separately calibrate 
the projector and cameras; and (3) the calibration results of Zhang’s method are refined by minimizing 
the re-projection error using bundle adjustment [32]. Applying such calibration scheme using a single 
planar calibration board to multi-projector system requires capture of many positions of the board. 
Additionally, the network graph and parameter connection graph of the bundle adjustment problem [32] 
must be connected graphs, i.e. positions of the calibration board which are illuminated by at least two 
projectors must exist so that a chain of positions spanning all projectors may be formed. 
 
In human body scanning a normal spatial arrangement of projectors is one where projectors surround 
the human. For the case of two projectors this means the projectors must face each other, i.e. one 
projector illuminates anterior and another posterior. Similarly, three projectors would be placed at the 
vertices of equilateral triangle, four projectors at the vertices of a square etc. However, if one sided 
planar calibration board is used then the chaining requirement clearly cannot be satisfied for the case 
of two projectors who are facing each other. We therefore propose to use a double-sided planar cali-
bration board depicted in Fig. 2 which has calibration marks on both sides and for which a coordinate 
system transform (rotation and translation) relating the two sides is known. Using such double-sided 
planar calibration board enables simple and fast calibration of a human body scanner: the board is 
placed where a human would stand and is then recorded in several different orientations (at least two 
per each projector/camera). 
 

 

  

 

Figure 2. A double-sided calibration board: (a) front side; (b) back side; and (c) side view. 
Note the markings used to automatically identify board side. 

FPSMAX =
1

CD,max + CF + CG + CH
, 

a b c 
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3. Results and Discussion 

3.1. Prototype 

We have constructed a multi-projector multi-camera 3D human body scanner comprised of three pro-
jectors and six cameras (see Fig. 3). One projector is Canon LV-WX310ST (PRJ0) and two are Acer 
S1383WHne (PRJ1 and PRJ2). All cameras are PointGrey’s Grasshopper3 GS3-U3-23S6C. Four 
cameras are equipped with Fujinon HF12.5SA-1 lenses (CAM0-CAM3) and two are equipped with 
Kowa LM8JCM lenses (CAM5, CAM6). The scanner is synchronized in software and acquires images 
at 20 FPS. One projector and two cameras are mounted on a vertical pole placed on a wheel-cart and 
together comprise one scanning unit. The scanning units may be positioned in space as needed by the 
application; for whole body scanning they are placed to form an equilateral triangle with a human to be 
scanned positioned in the middle. The human body scanner prototype is therefore comprised of three 
scanning units that may be used simultaneously to acquire an almost complete surface profile of a 
human body. 
 
A calibration board (Fig. 2) was manufactured by printing calibration pattern onto two sides of a 
whiteboard. Coordinate system transformation (translation and rotation) between the two sides of the 
calibration board was determined by using the MicroScribe G2LX digitizing system. 
 

  

Figure 3. A developed prototype scanner: (a) three vertical poles each carrying one projector (red arrow) 
and two cameras (green arrows) are placed at the vertices of a triangle (dotted yellow lines) 

with a mannequin in the middle; (b) control console. Note the interference pattern on the mannequin in (b). 

 

3.2. Experimental Recordings 

We have selected a multiple-phase shifting (MPS) unwrapping strategy [19] for phase unwrapping. 
The minimal number of frequencies required for unwrapping is two and the minimal number of frames 
required for separating projector contributions is seven; this gives the minimum of fourteen frames 
which are required for 3D reconstruction. At 20 FPS the recording thus takes about 0.7s. To improve 
scan quality and to make scanning robust more frequencies than the minimal two should be used and 
both projector coordinates should be projected: we have used 3 frequencies with 7 shifts per frequency 
for each projector coordinate which gives a total of 42 frames so acquisition takes 2.1s. 
 

   

Figure 4. First acquired frame (1/42) for all six cameras. Position of a mannequin is the same as in Fig. 3. 
Note the inter-projector interference on the floor. 
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Figure 5. Illuminated pixels and decoded column and row coordinate for two cameras placed on the first pole. 

 

      

Figure 6. Six views of a created mesh. 

We have scanned a mannequin using the developed prototype. One input frame for all six cameras is 
shown in Fig. 4. Note that cameras should be places in space so their FOVs cover as much of the body 
surface as possible. Detected illuminated area for each projector together with extracted row and 
column coordinates for cameras CAM0 and CAM1 are shown in Fig. 5. Note how illuminated areas for 
each projector correspond to spatial arrangement which is visible in Fig. 3. Also note faint interference 
pattern for PRJ1 and PRJ2 which is visible on a mannequin in non-illuminated areas only; it is caused 
by aliasing of the signal of PRJ0. That interference does not affect the 3D reconstruction as the inter-
ference signal is an order of magnitude weaker than true signals of PRJ1 and PRJ2. A final mesh is 
shown in Fig. 6. 
 

3.3. Discussion 

For a single projector system based on FPP the minimum number of frames to project is three [33]; 
therefore, for � projectors employed sequentially at least 3� frames must be projected. The pro-
posed simultaneous employment reduces 3� to 2� + 1. In practice the advantage becomes better as 
the minimum of three frames is almost always increased to 7 or more [33]. Furthermore, for the pro-
posed method all acquired frames are used for phase computation meaning once 2� + 1 ≥ 7 holds 
the proposed method will provide good results even when the minimum number of 2� + 1 frames is 
used. 
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A disadvantage of the proposed method compared to sequential projector employment is sharing of 
the dynamic range between projectors. For sequential employment whole dynamic range of each 
camera may be allocated to a single projector, however for simultaneous employment dynamic range 
must be divided between � projectors. This reduction in dynamic range increases the measurement 
noise and may affect wrapped phase estimation. This negative effect may be mitigated by using a 
camera with better bit depth or by simply increasing the number of acquired frames from the minimal 
2� + 1. For surround projector setup which is used in human body scanning this effect may be further 
reduced if the number of projectors with an overlapping FOV is less than the total number of projectors: 
the dynamic range is shared only between projectors with an overlapping FOV. 
 
The proposed method places no restrictions on the spatial arrangement of cameras and projectors. 
We have used this fact in the design of our prototype scanner which is comprised of three scanning 
units which provide a significant freedom when using the prototype scanner: scanning units may be 
spatially rearranged to achieve the best coverage of a body part to be recorded. Once units are posi-
tioned as needed the calibration is simply done by recording the double-sided calibration board in at 
least two positions per projector/camera. For a three-projector six-camera system this means at least 
18 positions of the calibration board must be recorded. Since a recording of one position of the cali-
bration board takes 2.1s, calibration data is collected in a few minutes. 
 

4. Conclusion 

We have developed a prototype 3D human body scanner comprised of three projectors and six cam-
eras which enables simultaneous projector employment. The simultaneous employment is possible 
due to a careful choice of temporal phase shifts for each projector so they together comprise a 
DFT���� basis which in turn enables simple and efficient separation of the combined patterns into the 
contributions of each projector simply by applying the fast Fourier transform algorithm. 
 
The proposed method places no constraints on the number of projectors or on their spatial arrange-
ment. Coupled with a simple and fast calibration procedure this provides flexibility in scanning and 
enables construction of large FPP scanners which use many projectors and cameras. 
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