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(abstract)

A new methodcalled gradual and random binarizati@®RB) to binarize gray-scale holograms,
based on an iterative algorithm pgposed. Théinarizationprocess is performegradually and
the pixels to bebinarizedare chosemandomly. Errors caused by thigperation arespatially
diffused. A comparison witlother established methods based emor diffusion, direct binary
search, and iterative stepwise quantization shows that the gradual and raimdozation
method achieves a vegood compromise between computational complexity es@bnstruction

quality. Optical reconstructions are presented.

(text)

1. Introduction

Computer generated holograms (CGHiaye been investigatéatensively inrecent years due to
their wide application range and their advantages in ternfiexdbility, accuracy, size, weight,

and cost. Applications can be found, e.g., in optical information processing where CGH’s are used
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as filters togenerate a required wavefront [1], or in optical nenoedlvorks wherghey are used
to accomplish complex synaptic interconnections [2]. CGH’s can alsseleas complex optical
elements [3]. Nowadays workstations provide enough computing power to generate large CGH’s.

A hologram of 1024¥1024 pixels can be generated in a few minutes.

Two steps areecessary tproduce CGH’'s. Thérst step is todeterminethe hologram trans-
mission that maps a givanput to a desiredutput. In thesecond stepthis transmission is
exposedonto a photamaterial,e.g., a photgraphic plate offilm, using anappropriateoutput
device. We concentrataur work here on binary Fourier transform holograms and on the recon-
struction of anintensity distribution I(x,y) in a specifiecegion, which we callreconstruction

region.

A complex signal u(x,y)=|u(x,y)|exp{f(x,y)} of magnituqel(x,y)|:m and random phase
f(x,y) is synthesized. As in experimental holographg holograntransmission is determined by
the interferenc@attern |U(u,n)+R(u,|where U(y,n)=|U(y,n)|exp{iF(u,n)}=F{u(x,y)} is the
Fourier spectrum of the object, and R(p,n)=exp{+j3p®¥on)} is a plane reference wave.
(Xo,yo) determinesthe position of the first-ordediffraction pattern in the reconstruction. In
computer holography this interference pattern can be encoded as:

_lU(u,v)lcosf(p,v)-2m(Xou+ yov)] -Bs
B 1-Bs (1)

H(u,v)

whereU(u,n) isnormalized to 1Bs=min{|U(u,n)|cos[F(u,n)-216x+yon)]} is a biasfactor that
ensures0?H(u,n)?1. Note that th&alues (x,y) andp,n) are all disaete values othe form
(xdx,ydy) and (pdp,ndn), and dxdp, dydn fulfill the sampling theorem. Thus, pixels are indexed by
(x,y) and (u,n) respectively.

The hologram distributiofil) isanalog valued. The production of the corresponding hologram is
normally difficult sincephoto materials as well asutputdevices usually suffer from nonlineari-
ties. Besides, it is required that tbetputdevice is able t@xpose gray values. Thegmblems

are avoided in binary holograrhaving onlytwo values. The production anlde reproduction of
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binary holograms isspecially simple [4]For exposurevenplotters orlaser printers can be used

[5]. Additionally, binary holograms havewer noisesensitivity [6]. However, one has ttake

care of thebinarization error, because tl@sror can cause enormowesrors in the reconstruction

with respect to theriginal object. Many differentmethods have beengposed to minimizéhis

error. They can be divided intavo groups: noniterative methods and iterative methods. Hard-
clipping anderror diffusion [7-12] belong tothe former, whereas direct binary search [13-15] and
iterative stepwise quantization [16,17] belong to the latter. The new method proposed here, called
gradual and random binarizati¢@RB) of gray-scale holograms, albelongs tothe latter. It

binarizes gray-scale holograms gradually and randomly, based on an iterative algorithm.

For reconstruction aommon Fourier transform geometry is used, thathes,producedinary
hologram is located at the frofucal plane ofthe system andlluminated by a collimated wave
parallel to the optical axis. The reconstruction appears at the back focal plane. It ¢hatafst
order, i.e., theoriginal signal u(x-¥,y-yo) and its conjugate*{r(x+xg), -(y+yo)], the Oth order,

i.e., the dc peak in the center, and higher orders.

The following two sections (section 2 and section 3) describe in di@ihew method and the
binary holograms generated by it. A comparison witrer methods is done in sectionCptical

reconstructions are presented in section 5 which is followed by conclusions (section 6).

2. lterative algorithm and constraints
Iterative algorithms fothe computation of holograms consggnerally ofthe following steps

[18,19]:

Algorithm O:
i) Fourier transform the original signal u(x,y)=|u(x,y)|exp{jf(x,y)} inta(l4,n):
Ua(k,n)=FT {u(x,y)}.
i) Encode thecomplex spectrum kfu,n) intothe hologram k{p,n) for the k-thiterative

cycle. Here C denotes the encoding, e.g., of Eq. (1):
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Hik(,n)=C{Uk(u,n)}, k=1, 2, 3, ...
iif) Impose the constraints L in the hologram domain:
Heum) OB = Hiun).
iv) Inverse Fourier transform k{j1,n) into hi(x,y) that contains the signal u(x,y):
hi(x,y)=1 FT {H"k(1,n)}.
V) Impose the constraints | in the object domain:
M) T = hea(xy).

vi) Fourier transform k1(X,y) into Ug+1(1,n). Go to ii).

The constraints imposed stepiii) and step v) depend on thequirements to the hologram and
to the reconstruction.
Steps i)-vi) are repeated until the signal contained{r,i) of stepiv), which isreconstructed by

H'k(K,n), has the required accuracy.

GRB uses such an iterative algorithm fbe generation of binary holograms. The produced
binary hologram should reconstruct trgginal signal |u(x,y)| inhe reconstruction region asll

as possible. Wechoose the first-ordediffraction pattern in the reconstruction as the
reconstruction region. The constraints in algorithrar@ therefore determined as &olls: The
constraint L in the hologramiomain is a threshold that transforthe grayvalued hologram into

a binary one. The constraint | in the objelmain is a replacementg., the reconstructed
magnitude inthe reconstruction region is replaced by treginal one if both aredifferent.
Without loss of generality we assume tkia¢ hologramhas N¥N pixels anthe reconstruction

region w has M¥M (0<M<N) pixels.

To assess the reconstructigoality quantitatively, weuse the Mean Squar&rror (MSE).
Supposey, to be theoriginal signal, g, to be the reconstruction of the hologram, then the MSE

is computed by

5 (Text, Eryi ZHANG, Applied Optics)



1 fuy = f -

MSE=— 3 |22 DS
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The sum extendsver to the entire region w.dte that the MSE isndependent of the actual

value of g and any additive constant.

Thus, algorithm 0 can be rewritten more detailed in the following fashion:
Algorithm 1:
i) Fourier transform u(x,y)=|u(x,y)|exp{jf(x,y)} into {{u,n):
Ua(1,n)=FT {u(x,y)}.
i) Encode WY(y,n) into H(u,n) by Eqg. (1) for the k-th iterative cycle, k=1, 2, ....

iii) Impose the constraint on the hologramg(jtin)

if Hi (1,v)<Tihreshold

0
H k(“’v)_ﬁl otherwise

iv) Inverse Fourier transform kj1,n) into he(Xx,y):

hi(x,y)=1 FT {H"k(1.n)}.
v) Calculate MSE of |i(x,y)| in region w irrespect to theriginal signalju(x,y)|. If it is not
sufficiently smallerthan in the lastycle, terminateéhe iteration;else imposehe constraint

of the object domain: correct pixel values af(y)| in region w to form ja1(x,y):

_auxyl/ge b G y)EIuYy)/c

Ihk+1(X’y)|‘E|h'k(x,y)| otherwise

where g is a scaling factor calculated by:

> [ uyllh(xy)
(xy)ow

> |h'k (XaY)lz
(x.y)ow

Ck:

vi) Fourier transform f1(X,y) into Uk+1(,n). Go to ii).
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Intuitively one could expect to obtain an improved reconstruction @ftjd) byrepeating steps
ii)-vi). However this isnot thecase. Because the threshold in gigpf algorithm 1 is applied to

all hologram pixelsthe algorithm converges to an unsatisfactory solution and stagnates there
[16]. To avoid the stagnation, ykbwski[16] proposed aiterative stepwise quantization method
based on thgray-value distribution ofthe hologram. Irhis method,two variable thresholds are
used in stejii) instead of a constant threshold &firthe pixels. Atthe beginning, Threshold 1 is

set to 0, wherea$hreshold 2 isset to 1.Then Threshold 1 is increased, and Threshold 2 is
decreased by a stepixels having values belowhreshold 1 areset to zeroand pixels having
values above Threshold &e set to 1. Other pixelsaving valuesbetween Threshold 1 and
Threshold 2 are unchanged. Tddgorithm is iteratively performefibr thesetwo thresholds until

the MSE does ndbnger decrease. Then new thresholds are constructed, i.e., Threshold 1 is
increased, and Threshold 2 is decreased by anst#yeiand thealgorithm isstartedagain. This

action is carriecbut step by stentil the two thresholds become equal. Using this method an
improved reconstruction witsmaller MSE (see section 4has been achievediowever, this
algorithm cannodiffuse the binarizationerror effectively, becauseormally ahologram idocally
correlated. That is tsay, thereare always regions imvhich all pixels have values below
Threshold 1 or above Threshold 2, and they regbnally binarizedOur methoddescribed in the

next section overcomes this drawback by gradually increabmgumber of binarizegixels

which are chosen randomly on the hologram.

3. The GRB algorithm

Starting from an analog holograhi(u,n) described byEq. (1), and its reconstructioh(Xx,y)
containing u(x,y) in region w, a Fourier transform pair H(u,n) h(x,yxasstructed. The
constraint imposed istepiii) of algorithm 1 is decomposed intwo sub-constraintsyjamely the
number of pixels to be binarized atie choice othose pixels for théinarization. Therefore, the

GRB algorithm is realized in two nested iterations: the outer loop determines how many pixels are

binarized, andhe innerloop chooses those s randomlyand binarizes thenihe number of
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binarized pixels increases gradually with eaateriteration.Fig. 1 isthe flow chart of the GRB

algorithm, where the outer loop is indexed by i and the inner loop by k.

(Figure 1)

In the flow chart of Fig. 1, the following two terms have been defined:
i-th iteration: one outer loop with the i-th constraint thatS\pixels should be binarized.
i=1, 2,3, .., 1
k-th iterative cycle: one inner loop to binariz&/§ pixels.
k=1, 2, 3, ..,
K.

In the i-th iteration, WS pixels in the hologram should Hm@narized, where {Sis an integer
(S<<N2). To determine which pixels are processed in each itemtote k(k=1, 2, ..., K) ofthis
iteration, N/S pseudo-random numbers between 0 afd ldre generated as access addresses. It
seems as ithe hologram wereandomly divided into KIS; sub-holograms, each having [#xels

and in whichonly onepixel werebinarized. Thigperation is carriedut until the MSE ndonger
decreasesignificantly. Then the (i+1)-th iteration istartedwith the constraint that ¥S.;

(Si+1<S) pixels should be binarized.

The binarization of pixels ithe gray-scale hologram introduces emor with respect to thgray-

scale hologram. We call thesror binarizationerror in thehologram. It leads terrors in the
reconstructionwhich we call binarizatiorerror in the reconstruction. If aiterative cycle is
performedbinarization of hologram pixels, simulation thie reconstruction, replacementpikel

values inthe reconstruction region, and generation of a helwgramthe error in théhologram

is spread out [20]. We say the binarization error in the hologram is spatially diffused. After several
iterative cyclesthe binarizationerror in the reconstructionilwbe distributed to the area outside

of the reconstruction region. this way, an improved reconstructiontire reconstruction region
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will be achieved. Gradual binarization avottie stagnation of thalgorithm; random binarization

reduces the likelihood of local error clustering.

To speed up convergence, we select the paramete®,S.., S, ..., § to be a geometrical
series 0f(1/2) and $=S, §=1. Thus wehavealtogether I=1+logS iterations to accomplish. The
constraints for these iterations are tiirgarization of pixels &S, 2N¥/S, ...,and N&. Thenumber
of iterative cycles in eaciterationdiffers fromiteration to iteration, but wlmit this number to
be notlarger than theaumber S, as a compromise betweeror reduction ireach iteration and

computation time. In practice, we can choose S=16 or S=8.

The example given belowghows how thealgorithmworks and how thdinarizationerrors are
diffused tothe neighbors. The object to be reconstructed icép#al letter 'F', represented by
30¥32 pixels of three gray values. It is locatethatcenter of a 128¥128 zesgray as shown in
Fig. 2(a). Random phase is used with thenplitude to generate its gray-scale hologram. The

hologram coded by Eg. (1) is shown in Fig. 2(b) withy®=(32,32).

(Figure 2)

To binarizethe gray-scale holograr256 gray values) of Fig2(b), we choose S=8. The recon-
struction region w hathe same size as that dfie original object. The threshold valder the
binarization is 0.5. Altogether I=1+lg§=4 iterations are requiredamely inthe first iteration
2048 piels are binarized, inthe second 4096ixels, inthe third 8192pixels, and inthe forth
16384 piels (due to the random selection pikels, a pixelmay bebinarizedmore than once.
This impliesthe number of actually binarized pixels is smallean thenumber giverabove). In
each iteration, th&-th iterativecycle (k2S=8) is performed provided that the reduction of the
MSE in the lastwo iterative cyclesis large enough, here larger th&/®01, i.e. d=0.001Fig.
3(a), 3(b), 3(c), 3(dand 3(e) show thehanges of the hologram affgrformingthe binarization
iterations; Fig. 3(a’), 3(b"), 3(c'), 3(d") and 3(e") are their gray-value distribution.
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(Figure 3)

In thefirst iteration (i=1 and $-8), N/S;=2048 pixlswerebinarized. Pseudo-random addresses
determined which pixelare binarized. After performinghe first iterative cycle (k=1) of this
iteration (i=1), the MSE caused by the binarization of 2048 pixels was 0.05354. It was reduced by
the subsequent iterativgycles (k=2, 3, ...,seeFig.4), i.e.,again 2048 pbels were randomly
binarized. Atthe end of thdirst iteration (i=1),MSE was reduced to 0.02586, then the reduction
becametoo slow. The second iteration with i=2 ang=8 was started. Irthis iteration (i=2)
N2/S,=4096 pixels were binarizedic..Fig. 4shows how the MSEhanged during each iteration

and with the iterations (i=1, 2, 3, 4). Table I lists their related values.

(Figure 4)

(Table I)

After the last iteration (i=4, &1), the threshold waapplied toall pixels togenerate thdinal
binary hologram. Fig. 5(a) shows this hologram. Its computer simulated reconstruction is given by

Fig. 5(b) with MSE=1.80¥18. The diffraction efficiency h=6.17%.

(Figure 5)

4. Comparison with established methods
To estimate the performance and #fificiency ofthe GRB algorithm, ihas been compareuth

some established methods. The comparison foenagsy onto two aspes: The computational
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complexity togenerate a binary hologram and the reconstrucfi@dity in region wproduced by
such a hologram. As object wg8ll take theexample ofsection 3, capital letter 'FAll parameers

remain unchanged. The following methods are considered:

Hard clipping.

» Error diffusion.

» Direct binary search.

» lterative stepwise quantization.

* Gradual and random binarization (GRB).

Hard clipping is thesimplest andhe fastest method among tiee methods considered. It scans
the gray-scale hologram and binarizes it usingamstant threshold. If N is thsize of the
hologram, thecomplexity of this algorithm i©(N) (thetime needed t@enerate thg@ray-scale
hologram isnot taken into accountl.he reconstruction from such a binary hologram consists of
the desired object and noise within and around the object. Fig. 6(a) shdwsattieed hologram,
Fig. 6(b) its computesimulatedreconstruction with MSE=9.78¥%0 The diffractionefficiency
h=8.97%.

(Figure 6)

Error diffusion method [7] was originally developed fordisplaying images. It has bedater
introduced into holographic applications [8]. The algoritwarks sequentiallyj.e., it processes
input data line byline, pixel by pixel.The basicconcept can be described as follows: Tirst
pixel of the gray-scale hologranH(u,n), H(0,0), iscompared with agiven threshold T. If
H(0,0)%T, the output K,{0,0) is set to 1, otherwise to 0. Tkeror E(0,0)=H{0,0)-H(0,0)
caused by this operation déffused toother unprocessed s whichare given the newvalue
H'(4,n)=H(u,n)-W.nE(0,0) atlocation(p,n), where W,, arediffusion coefficients. Modifications

of this algorithm[8-12] use thesame general scheme and diffeinly inthe number and relative
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positions of pixels included ithe errordiffusion. We use the method proposed bgv8rin
Weissbach and Frank WyrowdHi2]. This algorithm determinethe diffusion weightsdependent
on the location of the reconstruction region, and resultszegra error thereThe complexity of
this algorithm isO(N) too, N is thesize ofthe hologramFig. 7(a) shows the generatéthary
hologram, Fig. 7(b) its simulated reconstruction with MSE=5.04¥i®l h=1.09%.

(Figure 7)

Direct binary search [13-15] is based on an iterative procedurentnimize agivenerror criterion.

It manipulateshe binary state oindividual pixels ofthe hologramdirectly by monitoing the
effect onthe reconstruction region: thrandomly generatednitial binary hologram is scanned,
and the transission valuesare inverted one by one. After eattversion,the MSE in the
reconstruction region is computed. If it has decreaedinversion is retainedptherwise, the
pixel isrestored tats previousstate. Thealgorithm is terminated when no inversiarg retained
during an entire iteration. Theomplexity of this algorithm is O(N4log,N]3/4), where N is the
size of the hologram. The binary hologram generatesthg this method and its computed
reconstruction are shown ffig. 8(a) andFig. 8(b) with MSE=1.40¥18 and h=3.97%. Here the
algorithm is terminated when MSE21.40¥10

(Figure 8)

lterative stepwise quantizationproposed by WyrowsKil6] is also based on an iterative algorithm
(see sectior?). A stepwise quantization based on tiray-value distribution othe hologram
results in an improved convergence. Asexamplethe binary hologram generateding this
method and its computed reconstruction given in Fig.9(a) andFig. 9(b). Thecomplexity of
this algorithm is O(NlogN), where N is thesize ofthe hologram. Theimulatedreconstruction

shows MSE=2.79¥1% h=6.45%.

12 (Text, Eryi ZHANG, Applied Optics)



(Figure 9)

Gradual and random binarization (GRB) has been described in section 3. The genelfaitety
hologram and its computed reconstructioave been given in Fi§(a) andFig.5(b). The
complexity of this algorithm is O(Nle§l) too, where N is thesize of the hologram. Here

MSE=1.80¥1€, h=6.17%.

Table Il summarizes these results.

(Table I1)

It has been shown thdte direct binary search hologram achieved the best reconstrquatibity.
However, the required computing power is in many practical cases too large. Gradual and random
binarization(GRB) achieed a verygoodcompromise between computational complexity and the
reconstruction quality. This result can be seequalitatively by comparingcomputed
reconstructions, e.g. Fig. 9(b) and Fig. 5(b). Fig. 9(b) is the computed reconstfraiotine
hologram Fig. 9(a) generated by the stepwise quantization method, and FidroB{bjhe
hologram Fig. 5(a) generated by the GRB meti@idarly, for the stepwise quantization method
errors in the reconstruction ameainly distributed to the area around the reconstruction region,
whereas for the GRB method errors argformly distributed to the entire reconstructiplane

outside of the reconstruction region. Tigtthe GRBalgorithm distributes binarizatioarrors

more efficiently than the stepwise quantization method.

5. Optical reconstructions
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The object to be reconstructed is gmblem ofthe University of Mannheinwith 250¥340pixels

as shown irFig. 10. It was centered on a 1024¥1Gday of zeros. Bhdom phase was assigned
to it. The reference wave was exp{+j2iftyon)} with (xo,y0)=(256, 256). Thus the object, the
twin, and the DC peak were seen in the reconstruckoncomparisontwo binary holograms
were produced. One was generated by iterative stepwise quantization, adethbygradual

and random binarizatiofGRB). A photo-printer with resolution of 162fpi was used to expose
the calculated binary hologranesito afilm of size 16¥16 mm. After chenical processing, the
binary amplitude hologramsere obtained. A He-Ne laser of wave length 1=0.6328um was used

for the reconstruction. Fig. 11 and Fig. 12 show the optical results.

(Figure 10)

(Figure 11)

(Figure 12)

During the optical reconstruction tlffraction efficiency was measured. The hologram was
illuminated by a circular laser bea@=11.6mm). A photo powemeter with a circulaaperture
of diameter 12 mm was used to measure the energy firghdiffraction order. Themeasured
value is actually summealer thecircular aperture of the photo powereterwhich is normally
larger than the non-circular reconstruction region. The absorption of the holodilaplaicd the

imaging lens must also be taken into consideration.

The measured values listedthme column h' of Tabldll have shown @ood agreement of the

experimentallygenerated datevith the computesimulations.Computer calculateMSE and h
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are alsolisted in Tablelll. Both the computesimulation andthe optical reconstructiohave

shown that the hologram generated by the method proposed here is of high quality.

(Table II1)

6. Conclusions

A new method tddinarize gray-scale holograms, based on an iterative algontasiproposed.

Using this method an optimized binary hologram was generated and its optical reconstruction was
demonstratedSince pixels inthe gray-scale hologranare introducedyradually and binarized
randomly, the stagnation of thalgorithm was avoided, and a moedficient diffusion of
binarizationerrors was achieved [20§hich results in an improved convergence. Compavitd

other established methods, GRB has shown a more satisfactmynstruction atless
computational demands$lore testshave beerdone.They show that the gradual and random
binarization method can alwaysduce errors in the reconstruction region. €n®r reduction

degree idightly related tothe size ofthe reconstruction region. lihis sense, this algorithm is

robust.

Although thebinarization method described is considered lf@rd-ourier transform holograms
only, it is possible to extend it tgenerateany other kind of binary holograms. Owing to the
limitation of space, the theoretical foundationtbis method W not bedealt with hereput in

[20].
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(List of figure captions)

Fig. 1. Flow chart of the gradual and random binarization algorithm (GRB).

Fig. 2. Object (letter 'F') with three gray values (a) and its gray-scale hologram (b)

(256 gray values).

Fig. 3. lllustration of the binarization process. Partly binarized holograms, &8, =4,
S3=2, and =1 are shown left (b)-(e), their gray-value distribution right (b")-(e"). (a) shows

the original gray-scale hologram, (&') its histogram.

Fig. 4. MSE changes with iterative cycles k (1-7, 8-14, 15-19, and 20-22) in each iteration,

and with iterations i (1, 2, 3, 4).

Fig. 5. Binary hologram generated by the GRB method proposed here (a) and its computer

simulated reconstruction (b).

Fig. 6. Binary hologram generated by hard clipping (a) and its computed reconstruction (b).

Fig. 7.Binary hologram generated by error diffusion (a) and its computed reconstruction (b).
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Fig. 8. Binary hologram generated by direct binary search (a) and its computed reconstruc-

tion (b).

Fig. 9. Binary hologram generated by iterative stepwise quantization (a) and its computed

reconstruction (b).

Fig. 10.The emblem of the University of Mannheim as object.

Fig. 11.Optical reconstruction of the binary hologram generated by iterative stepwise

guantization.

Fig. 12.Optical reconstruction of the binary hologram generated by gradual and random

binarization (GRB).
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( Input: gray-scale hologram H(), with N2 pixels)

Set initial values:
number of pixels to be binarized:

N2/S;, N2/S,, ..., Ne/IS , ..., Ne/S
iteration indexi=1
error reductiom
—]
Set initial values in the i-th iteration:
iterative cycle index: k=0
initial error: MSE9)=2.0
—
k+1—k
|
randomly binarize N/S pixels in H(uyv)
IFT H(uV) into rleconstruction h(x,y)

compute MSK) in regionw

correct pixel values in regiow, FT the
reconstruction and code it into hologram

yes

no

+1 —>i

yes

no

global hard clipping
I
( Output: binary hologram with Rpixels )

Fig. 1. Flow chart of the gradual and random
binarization algorithm (GRB).
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Fig. 2. Object (letter 'F') with three gray values (a) and its gray-scale hologram (b)

(256 gray values).

21 (Figures, Eryi ZHANG, Applied Optics)



20
5 180
B
2 @ »’__',r‘”
o = o
o 18 192
Gray e

150

@ 100

o

[S

E]

Z 50 \

0 )

0 64 128 192 256

Gray levels (b')

o
..--”;;; ;ﬂ,.:p
_ /i"f} 7

0 64 128 192
Gray levels (C')

(Fig. 3.lllustration of the binarization process. To be continued)
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* @

Fig. 3 (continued).lllustration of the binarization process. Partly binarized holograms for
$1=8, $=4, $=2, and =1 are shown left (b)-(e), their gray-value distribution right (b")-(e").

(a) shows the original gray-scale hologram, (a") its histogram.
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Fig. 4. MSE changes with iterative cycles k (1-7, 8-14, 15-19, and 20-22) in each

iteration, and with iterations i (1, 2, 3, 4).
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(b)

Fig. 5. Binary hologram generated by the GRB method proposed here (a) and its

computer simulated reconstruction (b).
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(b)

Fig. 6. Binary hologram generated by hard clipping (a) and its computed recon-

struction(b).
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Fig. 7.Binary hologram generated by error diffusion (a) and its computed recon-

struction (b).
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Fig. 8. Binary hologram generated by direct binary search (a) and its computed

reconstruction (b).
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(b)

Fig. 9. Binary hologram generated by iterative stepwise quantization (a) and its

computed reconstruction (b).
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Fig. 10.The emblem of the University of Mannheim as object.
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Fig. 11.Optical reconstruction of the binary hologram generated by iterative

stepwise quantization.
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Fig. 12.Optical reconstruction of the binary hologram generated by gradual and

random binarization (GRB).
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Table I. Changes of the MSE in each iteration for the example (letter 'F’)

Iteration No. Number of binarized| MSE at begin of MSE at end of
i (S) pixels iteration iteration
1 (S=8) 2048 0.05354 0.02586
2 (9=4) 4096 0.03573 0.01698
3 (%=2) 8192 0.02116 0.01300
4 (S=1) 16384 0.01575 0.01420
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Table Il. Results of simulation of binary holograms generated by different methods and
computational complexity of these methods

Methods MSE (102 h (%) Complexity
Hard clipping 9.78 8.97 O(N)
Error diffusion 5.04 1.09 O(N)
Direct binary search 1.40 3.97 O(N7/4log,N]3/4)
Iterative stepwise quantization 2.79 6.45 O(Nley
Gradual and random binarization 1.80 6.17 O(NM)Y
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Table Ill. Calculated MSE, h and measured h' from the reconstruction of
binary holograms

Methods MSE (102 h (%) h' (%)
Iterative stepwise quantization 7.95 6.27 6.81
Gradual and random binarization 3.27 6.05 6.37

35 (Tables, Eryi ZHANG, Applied Optics)



