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Abstract. This paper describes a novel approach to makingeplicas of near-
ly flat objects using a flatbed scanner and a 3bter. The surface reconstruc-
tion is based on the fact that the light in a #a&ttscanner shines under a given
constant angle and the CCD sensor records diffeg@nsities depending on
the angle between a local normal vector of a miaoet and the vector towards
the light source position. The scanned objecttated by 90° and thus four dif-
ferent images are obtained. It enables normal vexttimation followed by a
surface reconstruction based on analogy with soiutf partial differential
equations. 3D replicas are produced using a 30igrlased on the data from
the surface reconstruction. Due to high resolutibthe flatbed scanner, result-
ing replicas are of a high precision as well. Timsthod can be used e.g. in
making replicas of archaeological parts.
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1 I ntroduction

Surface reconstruction methods are used in maniicapipns. They are based on
laser scanning or other similar techniques, likéedeometry. Most of the devices
have difficulties in scanning small objects or algewith fine details.

This paper presents a new approach for a surfammse&uction and 3D print of
nearly flat small objects using a flatbed scanfidre approach is based on normal
vectors map computation from the scanned imagevieltl by a surface reconstruc-
tion and thereafter construction of a final 3D @bjespresenting the reconstructed
surface. The size of the object is limited by tbarsing area — usually A4 or “letter”
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format. Due to high hardware resolution of a scanasually up to 4800 dpi, scan-
ning precision is high and it enables to reconstausurface with very fine details. It
is expected that the given approach can be usegtiadip in producing 3D replicas of
nearly flat objects, like coins or rough fabrics.et

2 Related work

As for the related work, there are several papek®etmentioned. M.K.Johnson et al.
[12] from MIT extended his former work cooperatimgth Adelson [13] and pro-
posed a texture independent method for gettingriac with a fine resolution. On
the other hand a sophisticated device for usingrtietioned method is required. The
former work of Johnson and Adelson [13] itself usespecial elastomer, which is
spushed into a relief*, to get a texture independanface, which is then reconstruct-
ed using a well-known photometric stereo algoritt@hen, Goesele and Seidel [14]
proposed a method for intermediate surface detadnstruction from specularity. As
for the prior partially related work, Liu et al.§lLintroduced algorithms for synthesis
of bidirectional texture functions (BTF) for gaigjrihe texture information and thus
material dependence. Our approach does not regayespecially constructed hard-
ware, can be used for reconstruction of either @lwehs or fabrics, as in the men-
tioned papers, and well as for glossy objectspiéished coins too.

3 Scanning

In photometric stereo, at least three images ofthiéace are required [1]. Typically,
more than the minimum three images are used irtipeawhen considering the noise.
Digital cameras can be used to take multiple imdigea the same view point illumi-
nated with different light sources of known positidMultiple images of an object at
different orientations can also be scanned witlathéd scanner. To make the process
easier and robust, we take scans rotated by 9@e®gm order to make the orienta-
tion of the object as accurate as possible aloagsite of the scanner platen, we uti-
lize a square clamp to fix the scanned object. anat checkerboard pattern is glued
on the surface of the clamp and utilized in thetiplé scans registration. The check-
erboard corners are automatically extracted in isebprecision. We find an optimal
rigid transformation using the corresponding cosniareach scan. After aligning the
other three scans to the first scan, we cut ouintiagie regions that are out of interest.
Fig.1 shows four registered images of an 'Yi Jieoin at different orientations along
the flatbed scanner.
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I

(a) 0 degree (b) 90 degree (c) 180 degree (d) 270 degree
Fig. 1. Four scans of an ‘'Yi Jiao’ cain.

4 Normal vectorsreconstruction

The light source of a flatbed scanner is linear pladed at a fixed anglke with re-
spect to the scanner platen. According to [2], dinglea is approximatelyr / 6.
Each point on the scanned surface has a natraal albed®. For the scan taken at
zero degree orientation, we define a left-handeatdinate system as shown in Fig.2,
whose origin is at the surface point considerece id-axis is parallel to the CCD
sensor array at the surface point considexgehlane is the scanner platen andxis
points straight down. The light source is approxadaby a line segment extending
from —I to +! in thex-axis direction and is offset lyin they-direction and in the

. . . T . .
z-direction. We definer = [nx,ny,nz] as a normalized surface normal at the point

andl = (x,a,b)T /Vx? + a® + b? the normalized lighting direction vector along the
linear light source.
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Fig. 2. Coordinate system at orientation zero degree.

The observed intensity of such a surface poirtiést
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where:
! 1 l+VI2+a? +b2 2)
S = f —dx =21n
—-1Vx? +a? + b? va? + b?
as:

omX ®3)

is an odd (anti-symmetrical) function on the intdr- [, 1).
In the same way, scanning the same surface poitit the object rotated by
90,180 and270 degrees, we get:

190 = QS(_nxa + nzb) (4)
Ligo = Qs(—nya + nzb)

70 = 0s(nya + n,b)

We arrange the four equations (1) and (4) into &irmaquation which can be
solved using linear least-squares. Its solution is:

osbn, = (I,79 — log) /(2 tana) )
osbn, = (Iy — I150) /(2 tana)
osbn, = (I + Isg + Ligo + I270) /4

where:tana = a / b. Finally, the normah at this point of the surface is obtained and
normalized.

Fig.3 shows the computed normal maps of the Yi &i@io, a game coin and a
piece of a fine fabric. To visualize the normal map n, andn, values of the sur-
faces’ normals are mapped to RGB components raspbgti.e.,n, maps from
(—1.0,1.0) to red(0,255), n,, maps from(—1.0,1.0) to green(0,255) andn, maps
from (0.0,1.0) to blue(0,255).
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Fig. 3. Normal map of two coins and a piece of a fineitabr

When the normal map is computed, there is a quesfitlhow to reconstruct a sur-
face of the object.

5 Surface reconstruction

Surface reconstruction is usually based on poivesngby scanning etc. However, we
have a slightly different task as we have a mapasfnal vectors and a boundary of
the given object. This is a classical formulatidrihee boundary problem known from
the partial differential equations, namely from gatational physics field, e.g. heat
diffusion computation etc.

It can be seen that for each row or column we heahees at the boundary of the
object and inside of such an interval we have olymal vectors, e.g. derivatives.

Derivatives can be estimated using centered differas:

of fx+hy)—f(x—hy) 6)
ax 2h

of fluy+h—-flxy—-h

ay 2h

whereh is an increment in the andy axis and in our case it is setfas- 1.
When using a direct solution, we can reformulategtoblem as:

2fe=fx+Ly)-f(x-1y) (7
2 =fxy+D-flxy-1

Let us consider a normal map of a siZex N. Avoiding normals at the border
leaves ugM — 2) x (N — 2) inner points to compute the surface for. Theretare
equations for each inner point, adding the boundanditions gives us an overdeter-
mined system of linear equations with approxima®elyM - N) equations foM - N
points to be computed.
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Even though the size of the linear system is vargd, it can be solved efficiently
considering that the matrix is sparse. It can le:dhat for this linear system of equa-
tions to be solved, least square error estimatiostioe applied, while minimizing:

minZ|fx —fy|2 )]

6 3Dprint

Surface generation itself is quite simple as théase reconstruction produceg éD

height field on a rectangular grid. Therefore tHaden to a triangular mesh is
straightforward.

For 3D print a closed volume is actually neededndtans that additional surfaces
have to be added, i.e. a surface representingdebof the given object of a specified
height and also bottom surface of the object. diutdh be noted that such final surface
has to be print-ready, i.e. consistent orientatibfacets, with no holes etc.

Now the scanned object is represented as a triatggubkurface having its volume
and can be printed out on a 3D printer.

7 Experimental results

Normal vectors reconstruction from scanned objentsa flatbed scanner was verified
on several types of objects. For a surface recactsin a simple approach based on
an analogy with partial differential equations (PD#th boundary condition formu-
lation was used.

Our approach to surface reconstruction using adthtscanner was verified on dif-
ferent coins. Fig.4, 5 and 6 show our results, flefhto right the original scan, a

normal map, a reconstructét%D surface and a resulting up-scaled copy printed on
3D printer.

Fig. 4. Results of a ‘Yi Jiao’ coin. Left to right: origihanormals, reconstruction, 3D print.
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Fig. 6. Results of a ‘20 K coin. Left to right: original, normals, reconsttion, 3D print.

It should be noted that we det= 1 in the difference estimation for simplicity of
computation. The actual height of the reconstrusiadiace is to be adjusted manual-

ly.
Table 1. Experimental data for a coin reconstruction wi#83 x 1557 points.
Normal map computation Surface reconstruction
64 bits 68 [ms] 18 959 [ms]
32 bits 110 [ms] 24 289 [ms]

For experiments a standard PC was used — 3.16 GHzBLRAM 64 bits, Win-
dows 8 Professional x64 and a standard scanneromith600 dpi was used. As for
the computation times, as shown in Table 1, thenabmap acquisition is of an algo-
rithmic complexityO (N), whereN is the number of elements of an image, and there-
fore very fast in contrast with the surface compata where a linear equations sys-
tem of N~2 mil. is solved. A 32 bit version of the software isidable too; available
on a request. For 3D print the ZPrinter 650 powakesed 3D printer was used with
0.1 mm particle size.
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[~ Tools

Compute normals
Inegrate _A
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Load DXF

Export triangulation =
Bestfit :
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Seftings ———
Hterations for solver:  [30 =
I~ Setnz=1

™ Stretch intensity to 0..1

~Boundary seting
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Value of selected:
——
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Rightupper=[00
Leftlower=  [0.0
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Minandmax:  Min ht -0.6297, Max hgt: 0.6747

Y

Fig. 7. User’s interface.

Fig.6 presents users interface of the developeticatipn. After loading 4 scanned
images, each rotated by 90°, the normal map is atedpfollowed by surface recon-
struction and data export for 3D print. A companisdf a slice with an exact meas-
urement is available too.

8 Comparison of the reconstruction with original

Additional experiments were made to compare thenstructed surface to the real
surface. Exact slices of coins used for this expent were measured with a precision
of 5 micrometers, which is sufficient for the ussdnner having 600 dpi resolution.

Fig.8 to Fig.11 show a comparison of slices ofdhginal coins and slices of their
corresponding reconstructed models. An average forall four coins can be found
in Table 2.

Table 2. Average absolute error of the reconstruction caegbéo the original coin.

2K¢ 20K¢ 5K¢ 10K¢e

Averageerror 0.0342 mm 0.0399 mm 0.0409 mm 0.0270 mm
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Fig. 8. Comparison of reconstruction of a ‘Z’'koin.
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Fig. 9. Comparison of reconstruction of a ‘2@’Koin.
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Fig. 10. Comparison of reconstruction of a ‘'kcoin.
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Fig. 11. Comparison of reconstruction of a ‘1@'Koin.
9 Future work

As experiments proved there is a simple methodrfaking duplicates of nearly flat
objects on a 3D printer. However, for a practicaieercial or non-commercial use
several issues have to be solved, especially:

Due to high resolution of a scanner over 4800 dpjd images have to be pro-
cessed. An object of a sigex 4 inches means solving a system of neah9 mil.
equations. Resolution used is a critical factor ahduld be set accordingly to the
scanned object. Computed normal map should be quepsed using some filters to
avoid unnecessary distortion and possibly get mogeise results.

Texture mapping from the scanned images to the hwitle a final 3D print with
a texture.

To represent and respect material properties chared object, which influences
the normal map computation, e.g. surface roughness.

10 Conclusion

A novel approach for 3D surface reconstruction araking 3D nearly flat objects
replicas using 3D printer is presented. Experimemdage proved expected basic prop-
erties of the proposed approach. Experiments alseed high precision of recon-
struction even when a cheap commodity flatbed smaisrused.

Several types of objects were successfully recoasd, including glossy coins or
fine fabrics.

Presented algorithms were implemented on .NET giatffor 32 and 64 bits and
software is available on a request.

Future work will be concentrated on applicationRafdial Basis Function approx-
imation and optimization of computation.
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