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Abstract: This paper presents a novel phase unwrapping architeatu@ctelerating the

computational speed of digital holographic microscopy MHA fast Fourier transform

(FFT) based phase unwrapping algorithm providing a mininaguared error solution is
adopted for hardware implementation because of its simylénd robustness to noise.
The proposed architecture is realized in a pipeline fastbomaximize throughput of the
computation. Moreover, the number of hardware multiplemsl dividers are minimized
to reduce the hardware costs. The proposed architectureseéd as a custom user
logic in a system on programmable chip (SOPC) for physicdlopmance measurement.
Experimental results reveal that the proposed architedsueffective for expediting the

computational speed while consuming low hardware ressuaredesigning an embedded
DHM system.
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1. Introduction

Digital holographic microscopy (DHM}2] is a highly effective means for non-invasively capturing
the amplitude and phase data of an optically transparemtflective specimer3{4]. Digital holograms
that contain information about the specimen can be recaddabtained using a charge-coupled device
(CCD) or a complementary metal oxide semiconductor (CM®I8jvever, the phase map derived from
the reconstructed image of a digital hologram is non-liyeamrapped lying in the interval (nl].

To obtain the three-dimensional profile of a specimen, thepped phase map must be unwrapped to
a continuous phasé&]. Such a phase unwrapping procedure is also important ier@pplications,
including synthetic aperture radar interferometry (INSAR] and magnetic resonance imaging
(MRI) [7]. The phase unwrapping process may be performed offline nmesof these applications,
whose primary concern is the quality of the unwrapped pha&gsontrast, for the DHM or electronic
speckle pattern interferometry applications, in additioraccurate unwrapped phase reconstructions,
fast phase unwrapping operation is desii@elp] for attaining realtime video rendering with high frame
rates.

A simple raster scan algorithm is able to perform realtimasghunwrapping. However, in the
presence of noise, the raster-scan algorithm may lead toceummalation of error that eventually
results in large deviations near the end of the accumulatRopular approaches to the robust phase
unwrapping include least square techniques, where theapped phase is obtained as the function
whose discrete gradient has the least squares deviationtgavailable estimate. The Poisson equations
are then derived for the optimization, which can be solvedh®ypreconditioned conjugate gradient
(PCG) [13,14] and Gauss—Seidel techniquds3[L5]. Recent advances in phase unwrapping include
the Zx M algorithm [L6], which solves the problem as a sequence of binary optinizatNetwork
programming techniqued ] and graph cut technique&T] are then used for the optimization. Another
efficient approach is to use branch cut technique for phasgapping, which can be implemented
by hybrid genetic algorithmslB]. The common drawback of these techniques are that theyllare a
iterative algorithms. The number of iterations may be hit®] fnd may vary 16,20] depending on the
input wrapped phase map. For a realtime DHM, phase unwrgpggorithms with low and constant
computational complexities are usually desired for primgdast video rendering with constant frame
rate. Consequently, these robust phase unwrapping dgwitnay make the design of a realtime DHM
difficult. Moreover, for the embedded systems with limitedputational capacities, the implementation
of realtime robust phase unwrapping becomes a very chatigngsue.

A number of implementations for fast phase unwrapping hagenbproposed10-21]. The
implementations presented i8(,21] are based on PCGLB,14] with field programmable gate array
(FPGA) devices and graphic processing unit (GP2E platforms, respectively. The implementation
proposed in19] is based on Gauss—Seidel techniquE$15 with GPU platforms. Because both PCG
and Gauss—Seidel techniques are iterative algorithmg jootlerate acceleration is achieved. Moreover,
some of these implementations are based on GPU, which mayffloelitito be used for embedded
devices due to high hardware cost and large power consumptio

The goal of this paper is to present a novel phase unwrapg@rdware architecture for accelerating
the computational speed of DHM. The algorith23] selected for the proposed architecture is also a least
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square technique for robust phase unwrapping. The algorgimon-iterative, and therefore has constant
computational complexity. As compared with its iteratigast square counterpari3f15], the selected
algorithm is more computationally efficier24,25]. In addition, it is based on fast Fourier transform
(FFT), which can be efficiently implemented by hardware. réfae, the algorithm is well-suited for
the realtime DHM applications.

Based on the algorithn2p], the architecture is separated into four units: the paegform unit, the
FFT unit, the post-transform unit, and the on-chip memohg first three units are used for computation
of the phase unwrapping algorithm. The on-chip memory igldee storing the source data and the
intermediate results produced by these units so that theameatcess time can be reduced. Novel
pipeline architectures are proposed for the implementaifdhe pre-transform unit, the FFT unit, and
the post-transform unit to maximize the throughput of theppised architecture. Only a single multiplier
and divider are used in the FFT unit and post-transform wnitkdwering hardware resource utilization,
respectively.

The proposed architecture has been implemented on FPGAesdewo that it can operate in
conjunction with a softcore CPU. Using the reconfigurabledivare, we are then able to construct a
system on programmable chip (SOPC) system for the physed@bimnance measurement for phase
unwrapping in the embedded systems. As compared with ite/aad counterpart running on Intel I-7
quad-core CPU, the proposed system has significantly losrapatational time for phase unwrapping.
In particular, when the image resolution is 54313, the proposed system attains the speedup of 605
over its software counterpart. All these facts demonstraeffectiveness of the proposed architecture.

2. The Phase Unwrapping Algorithm

This section briefly reviews the algorithm adopted for therdinare phase unwrapping
implementation. Please refer t283 for detailed discussion of the algorithm. L&t; be the wrapped
phase function of an unknown real-valued functigny for 0 < i < N, and0 < ;7 < N, where
—71 < G < m andelbii = %, Letq); ; for 0 < i < 2N, and0 < j < 2N be the periodic extension
of ¢; ; using the mirror reflection technique. That is,

Gij for0 <i<N,0<j<N,
s = Con—ij for N <1 <2N,0<j <N, (1)
) Ganeg for0<i< N,N < j < 2N,

Con—ion—j for N <i <2N,N < j <2N.

Define
Af,j = ?/1i+1,j - Q/Ji,j, Aiy,j = 1/1z‘,j+1 - 1/%,]' (2)

for all - andj. Note that these values must be computedi@ppedphase differences, where the values
27 or —27 will be added as necessary to ensure thigtandAY; lie in the interval(—m, 7].

Let ¢, ; be an estimation af, ; based org; ;. The goal of the phase unwrapping algorithm is to find
¢;; minimizing
Z(&Hl,j - (EZJ - Af,j)z + Z((Ei,jﬂ - (Ezj - Aiy,j)z' (3)

2¥)

i?j
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It can be shown that the optimal ; is the solution to
(Gir1j — 205j + bim15) + (Dijr1 — 2055 + Gij—1) = Yijs (4)

where
Yij = Aij — A7

Because both, ; andy; ; are periodic, the Fourier transform can be used to solvetitqu@). Applying

the 2N x 2N two-dimensional Fourier transforms to both sides of Egua4) yields
D, = Uin/ (2 cos(mm /M) + 2 cos(mn/N) — 4), (6)

whered,, , andl’,, ,, are the Fourier transforms @‘J andv; ;, respectively. The functio@j is obtained
by the inverse Fourier transform to Equatid). (The estimated; ; is then obtained by restricting the
results to the grid defined ly<: < N,0 < j < N.

Based on the discussions shown above, the phase unwrapganigran using the FFT is summarized
as follows:

Step O: Supposg ;, 0 <i < N,0 < j <N, are given.
Step 1: Compute; ;, 0 <¢ < N, 0 < j < N, using Equation9).
Step 2: Computé’,, ,,, 0 <7 <2N,0 < j < 2N,
using two-dimensional 2N 2N fast Fourier transform (2D-FFT).
The 2D-FFT operates as follows.
Step 2.1  For each rowof the arrayy; ;,
compute); ;, 0 < 5 < 2N, using mirror reflection.
Thatis,\;; =, for0 < j < N,and);; = vion—; for N < j < 2N.
Step2.2 Computd,,, 0 <n < 2N, the FFT of); ;, 0 < j < 2N.
Step 2.3  Replaceth row of the arrayy; ; by A, ,, with the restriction thad < n < N.
Step 2.4  After all of the rows are processed in this way,
repeat the process (Step 2.1-2.3) on columns.
Step 3: Compute,, ,, using Equation).
Step 4: Compute the inverse FFT®f, ,, to obtaing; ;.

3. The Proposed Architecture

Figure 1 shows the proposed architecture for the FFT-basasepunwrapping algorithm. As shown
in the figure, the proposed architecture can be separatedoint units: the pre-transform unit, the FFT
unit, the post-transform unit, and the on-chip memory. 8igg, 0 <: < N, 0 < j < N, the goal of
the pre-transform unit is to compute;. The FFT unit is then adopted for computifig ,,. After that,
the post-transform unit is used for calculatig, ,,. Finally, the FFT unit is used again for computing
¢; ; based orb,, ,. The on-chip memory is used for storing both the originahdatd the intermediate
and final results of the pre-transform unit, the FFT unit dredgost-transform unit. Storing the original
data and intermediate results in the on-chip memory effelgtreduces the memory access time for the
algorithm.
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Figure 1. The proposed architecture for phase unwrapping.
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3.1. On-Chip Memory

The on-chip memory consists of two identical RAM modulesciERAM module is able to store an
(N+1) x (N+1) array. The RAM modules are shared by all the units inpitegosed architecture. They
are used to store the original or intermediate results prediby each unit. These results will then be
used as the source data for subsequent operations. Theyengoibof the on-chip memory is able to
significantly reduce the memory access time for phase urpamgp

3.2. Pre-Transform Unit

The goal of the pre-transform unit is to implement Step 1 ef dfgorithm in hardware. Figure 2
shows the architecture of the pre-transform unit, whichsesia of controller, address generator, registers,
adders, phase wrapping unit, and multiplexer. The addressrgtor is used to generate addresses
for reading the source data from the on-chip memory, andngrihe results to the on-chip memory.
The registers are used for the implementation of pipelimeefdhancing the throughput. As shown in
Figure 2, there are three stages in the pipeline. The firstrenthird stages are adders. The second stage
is the phase wrapping unit, which is employed to ensure tigatalues oA ; andAY; lie in the interval
(—m, 7.

Figure 3 depicts the architecture of the phase wrapping whitch contain®¢) + 1 modules. Each
modulei, i = 1,...,2@ + 1, contains two comparators for determining whether a ph#$erehce
computed by Equatior®f lies in the interval { (2Q + 1)7 + 2(: — 1)7, —(2Q + 1)7 + 2in]. The phase
difference is first broadcasted to all the modules. Afteritierval in which the phase difference lies
is identified, the phase wrapping operation is then perfdraseordingly so that the resulting wrapped
phase difference lies i, 7].

The source data for the pre-transform operatigns,0 < ¢ < N, 0 < j < N, are stored in the
on-chip RAM 1. The pre-transform unit then produegs, 0 < i < N, 0 < j < N, and stores them
in both the on-chip RAM 1 and RAM 2. The pre-transform unit guitesy, ; in two steps. At the first

step,(; ; is retrieved from the on-chip RAM 1 to compute’, — A7, ;, which will then be stored in



Sensor011, 11 9165

the on-chip RAM 2. Figure 4 shows the timing diagram for thegtine operation of the pre-transform
unit at the first step. Figure 5 reveals the input/output thestage of the pipeline for the shaded time
interval marked in the Figure 4.

Figure 2. The architecture of pre-transform unit, where REG and MUXthe abbreviations
of register and multiplexer, respectively.
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At the second stepg; ; is retrieved again from the on-chip RAM 1 to comput¢; — AY

i,j—1"
In addition, A7, — Af is retrieved from the on-chip RAM 2. The summation of

i—1,7
(AY; = AY;_1) and(A7; — AT, ;) forms~; 5, which will then be stored back to the on-chip RAM 1 and

RAM 2 for the subsequent FFT operations. Figure 6 showsthad diagram for the pipeline operation
of the pre-transform unit at the second step. The inputldutpeach stage of the pipeline for the shaded
time interval marked in the Figure 6 is then depicted in Feégdr Note that, at the final stage of the
pipeline, the MSBs (most significant bits) and LSBs (leagh#icant bits) ofy; ; are stored in on-chip
RAM 1 and RAM 2, respectively. By storing the results to twodules, the computation precision is
then doubled for subsequent operations.

Note that, as shown in Figures 5 and 7, the input to the presfoam circuit isy; ;, which is the
mirror reflected version of; ; in accordance with Equatiori), From Equations2)—(5), it follows
that the computation of; ; is based on); ; instead of¢; ;. When0 < i < N, 0 < j < N, because
Vi ; = Gj, the(; ; stored in on-chip RAM 1 is used as ;. Otherwise;); ; should be computed using
Equation (). It can be easily shown that only_, ;, ¥'n11,, ¥i—1, andy; n11, 0 <7 < N, 0 <7 < N
actually require mirror reflection for the computatiomgf;, v, ;, vi0 andy; x. Using EquationZ), it
follows thaty_1 ; = Cij, ¥ny1j = Cv-1jy Yi—1 = Gi1, andy; v = (G n—1, it iS NOt necessary to
design a circuit for mirror reflection for the pre-transfoamit. We only have to reconfigure the address
generator in the unit so that when, ;, V1,5, i -1, Or¢; n11 are desired, the address@f;, (n_1,;,
i1 or ¢ nv—1 Will be delivered to on-chip RAM 1, respectively.
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Figure 3. (a) The architecture of phase-wrapping unit in the pre-contmrainit, (b) The
architecture of each modul€ in the phase-wrapping unit.
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Figure 4. The timing diagram for pipeline operation at the first stepr@-transform unit.
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Figure 5. The input/output to each stage of the pipeline for the shéideelinterval marked
in the Figure 4.
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Figure 6. The timing diagram for pipeline operation at the second stge-transform unit.
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Another advantage of the employment of address generathaist is able to generate multiple
addresses for the concurrent read and write accesses of-ttte@mmemory. Multiple address generation
is essential for the implementation of the pipeline in the-pansform unit. For the shaded time interval
indicated in Figure 7, the retrieval ¢f, , ; andA7, ,—A7, ; arerequired at stages 1 and 3, respectively.
In addition, the computation result at stagey3., ;, should also be written to the RAM 1 and RAM 2.
As shown in Figure 7, the address generator sends threeetiffaddresses to the on-chip memory for
the concurrent access: address for reading ; from RAM 1, address for reading?,; , — A7, _; from
RAM 2, and address for writing;_» ; to RAM 1 and RAM 2. Other alternatives for memory accesses
are based on CPU or direct memory access (DMA). Howeverusedaere is only one memory access
at a time, using the CPU or DMA-based memory accesses fortpoped pipeline architecture may be

difficult.
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Figure 7. The input/output to each stage of the pipeline for the shéideelinterval marked
in the Figure 6.
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3.3. FFT Unit

The FFT unit is employed for implementing Steps 2 and 4 of fgerahm. Figure 8 shows the
architecture of the FFT unit, which contains controllerii@s$s generator, mirror reflection module and
one-dimensional FFT (1D-FFT) module. The FFT unit readsthece data from both on-chip RAM 1
and RAM 2. The results produced by the FFT unit are then stoae# to on-chip RAM 1 and RAM 2
to replace the source data.

Figure 8. The architecture of FFT unit.
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In the FFT unit, each row of; ; is loaded from the on-chip memory one at a time. The FFT ueitth
writes the computational results directly back to the saovein the on-chip memory. After the row
operations are completed, the column operations will pgdde the same manner. After the completion
of all the column operations, the array stored in the on-&WM is I, ,,, the two-dimensional FFT
of ;5.
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From Step 2.1 of the phase unwrapping algorithm, it follolhat tthe mirror reflection is required
before the 1D-FFT transform (or inverse transform). Theronireflection module is @ N-stage shift
register. The input to the shift register is located at tlagesiV + 1. The first/V + 1 stages of the shift
register are able to operate in two directions for the imgetation of mirror reflection. The output of
the shift register is connected to the 1D-FFT module. The@sed module operates in two phases using
the shift register. At the first phase, each data point emgetie mirror reflection module is shifted in
two directions. After all the data points in a row have endettee shift register, all the data points are
shifted right one at a time to the output at the second phase.

We use Altera FFT MegaCore functio2€] to implement the 1D-FFT module. The transform
length of the FFT i2N. The 1D-FFT module has single data input and single dataubutphe
input/output dataflow of the module operates in streaminglenallowing the continuous process of
input data stream, as well as producing the continuous tulgia stream. In addition, the module
contains only one butterfly processor. Therefore, it rexguanly a single complex multiplier for the FFT
implementation26]. The area cost can then be minimized.

The FFT unit is able to operate as a two-stage pipeline, wiherérst stage is mirror reflection, and
the second stage is 1D-FFT. Figure 9 shows the timing diadgoartihe pipeline operation of the FFT
unit for the rows of the array; ;. Note that the operation of each stage of FFT unit is sepdiate
two phases. Both the stages will operate at the same phdse sdine time. Figures 10 and 11 show
the operation of phase 1 and phase 2 at each stage, resjye@seshown in Figure 10, at the phase 1
of the mirror reflection, a row of; ; (e.g.,i-th row) is loaded from on-chip RAM for computing ;,

0 < j < 2N. Atthe same time, the phase 1 of 1D-FFT module uses;, 0 < j < 2N as the input
for computingA;_1,, 0 < n < 2N. The mirror reflection module then delivekg;, 0 < j < 2N to
the 1D-FFT module at its phase 2 operation. At the same tineelD-FFT module sends thg_, ,,,
0 <n < N, to the on-chip RAM, as depicted in Figure 11.

Note that the FFT unit is also used for the computation ofniew&D-FFT of®,, ,,. The data stored
in the on-chip memory i®,,,,. The 1D-FFT module will operate as the 1D inverse FFT for tipt
data. The FFT unit will then producg ; to the on-chip memory.

Figure 9. The timing diagram for pipeline operation of FFT unit.
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Figure 10. The operation of phase 1 at each stage of the pipeline fohiues! time interval

marked in the Figure 9.
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Figure 11. The operation of phase 2 at each stage of the pipeline fohiues! time interval

marked in the Figure 9.
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3.4. Post-Transform Unit

The post-transform unit is used for the hardware computaifdStep 3 in the algorithm. Therefore,
the objective of the post-transform unit is to realize Eaqua{6) in hardware. Figure 12 shows the
architecture of the post-transform unit, which consistswaf cosine computation modules, a divider, and

adders. The goal of the two cosine computation modules istpatecos(mm/N), m = 0, ...

-1,

andcos(mn/N),n = 0,...,N — 1, respectively. Sincen andn only takesN possible values for the
cosine transform, the two modules can be implemented as @lesimok-up table (LUT), consisting
of N entries. The-th entry of the table in the two cosine computation modutestains the value of

cos(mi/N).
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Figure 12. The architecture of post-transform unit.
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Although LUTSs can be used for the implementation of cosineuhes, they may be difficult to be used
for the design of divider in the post-transform unit. Fronugtion @), we can see that the nominator and
denominator of the divider are all real numbers. Consedyehe number of entries of the LUT will be
very high when it is used for divider design. A general dividdich accepts real numbers as the inputs
is then desired. The divider in the architecture is impleteery Altera Floating Point Megafunction
ALTFP_DIV [27]. The divider is separated intp pipeline stages to enhance the throughput of the
post-transform unit.

GivenTl',, , in the on-chip memory, the post-transform unit operatesollews. The unit loads
the FFT coefficientd’,, ,, from the on-chip memory one at a time based on the raster sc&n. oTo
reduce the amount of bus traffic, the address delivered torthghip memory for loadingd’,,, ,, is also
delivered to the post-transform unit for extracting theicedm andn, which are then delivered to the
cosine computation modules for findings(7m/N) andcos(nn/N). BothT',, ,, loaded from the on-chip
memory and2 cos(mm/N) + 2 cos(mn/N) — 4) computed by the adders are then used as the input to
the divider for computingb,, ,,. The output of the divider is then stored directly back to ¢imechip
memory.

The post-transform unit is implemented a&a+ p)-stage pipeline. As shown in Figure 12, the first
stage performs the address to index conversion. That isdtieess used for retrievirg,, ,, from the
on-chip RAM is used for computing indices andn at this stage. The second stage of the pipeline
computescos(mm/N) and cos(mn/N) based on table look-up method. In addition, the second stage
consists of an adder for computif@cos(mm/N) 4 2 cos(mn/N) —4). The third stage to the + p)-th
stage of the pipeline formgastage divider for computing,,, ,,. Figure 15 shows the timing diagram for
the pipeline operation of the post-transform unit. The thputput to each stage of the pipeline for the
shaded time interval marked in the Figure 13 is then depict&iyure 14.

The major advantage of the design is that onlylthg, is required from the input ports. The terms
cos(mm/N) and cos(mn/N) can be obtained from the address for retrieving, from the on-chip
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RAM. Based on the address, the computatior@{7m/N) andcos(mn/N) are then carried out by
simple LUT. Consequently, the single address for retrig¥ip, ,, actually produce$’,,, ,,, cos(mm/N)
andcos(mn/N) for computing®,,,, using Equation). This single-address-multiple-data scheme is
beneficial for enhancing the computational speed of the-fpassform unit.

Figure 13. The timing diagram for pipeline operation at post-transfamit forp = 2.
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Figure 14. The input/output to each stage of the pipeline for the shadeglinterval marked
in the Figure 13.
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3.5. Analysis of Area Costs and Speed

Two types of performance are considered in this paper: teadgt and area complexities. The latency
of each unitis defined as the time required for finishing trerapons of that unit. Because the arithmetic
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operators and storage cells are the basic building bloakthéarchitecture, the area complexities are
separated into 2 categories: the number of arithmetic tpetaand the number of storage cells. The
arithmetic operators consist of adders, multipliers, aividdrs. The storage cells contain registers,
ROM cells and RAM cells.

Table 1 summarizes the area complexities and latency ofribygoped architecture. Recall that the
images considered in the proposed architecture are of imesgéution (N+1)x (N+1). It can then be
observed from Table 1 that the number of arithmetic opesataihe proposed architecture is independent
of the image resolution. In addition, the number of storaaks grows linearly with the image resolution.

Table 1. Area complexities and latency of the proposed architeciutie respect to the
image resolution (N+1x (N+1), where the functio®, termed bigO function, is used to
indicate the asymptotic complexities of the architecture.

Pre- FFT Post- On-Chip  Overall
Transform Transform  Memory
Arithmetic Operators O(1) 0(1) O(1) 0 O(1)
Storage Cells 0(1) O(N) O(N) O(N?) O(N?)
Latency O(N?) O(N?1log N)  O(N?) O(N?log N)

The number of arithmetic operators is independent of theemasolution because each unit in the
proposed architecture only uses a fixed number of addergipfrers and/or dividers, independent of
N. For example, the FFT unit only employs one complex mukipln the 1D FFT module. The
post-transform unit also adopts only one divider.

The number of storage cells used by the proposed archigetctareases with the image resolution.
For the FFT unit, because the mirror reflection module costalN registers, its complexity i© (V).
For the post-transform unit, the size of tables for cosiardform is also proportional t§. The number
of storage cells in the on-chip RAM1 and RAM2 is (N+2)(N+1). Its complexity therefore i©(N?),
and grows linearly with the image resolution.

To evaluate the time complexity, we first note that the paggform and post-transform units need to
perform additions and division to each of th¥ + 1) x (N + 1) input data points, respectively. Since
the number of adders and dividers are independent,dhe latency of these units3(N?). For the 2D
FFT and 2D IFFT operations, the latency is given®yV2logN).

3.6. Software-Hardware Co-Design

The proposed architecture is used as a custom user logic @PLystem consisting of softcore
NIOS CPU R§g], and the proposed architecture, as depicted in Figure 15.

The objective of NIOS CPU is to control the data flow of the megd architecture. Note that the
on-chip RAM in the proposed architecture provides the smdata for pre-transform unit, FFT unit and
post-transform unit. The on-chip RAM also stores the comaon results from these units. To ensure
that the data in on-chip RAM is delivered to the correct uanii) the computation results of each unit can
be sent to the on-chip RAM, the CPU is responsible for agtigatontroller at each unit, and specifying
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the proper value in the status register in the on-chip RAMg¢tikontrols the multiplexer in the read and

write ports of the memory.

Figure 15. The SOPC system for phase unwrapping.
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Figure 16. The flowchart of the software executing by the CPU.
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As shown in Figure 15, the proposed architecture is condettethe Avalon bus for the
communication with the NIOS CPU. A special interface citagidesigned for the connection. The
interface circuit contains registers, address decodetsrauitiplexers so that the on-chip memory and
the status registers in the controllers of all the units engloposed architecture can be accessed by the
NIOS CPU.

Figure 16 shows the flowchart of the software executed by tR&).At can be observed from
Figure 16 that the software only involves the controllenation, as well as specifying the contents
of status register in the on-chip RAM. Because of the sinigliaf the software, the execution of the
phase-unwrapping algorithm can be significantly enhanced.

4. Experimental Results

This section presents some experimental results of theopeaparchitecture. The design platform is
Altera Quartus Il with SOPC Builder and NIOS Il IDE. The tar§®GA device for the hardware design
is Altera Stratix 11l EP3SL150.

The hardware resource utilization of each unit in the prepgosrchitecture are revealed in
Tables 2-4. The images resolutions considered in thesestabk 129x 129 (.e, N = 128),
257 x 257 (.e, N =256) and 513« 513 (.e,, N = 512). There are three types of area costs considered
in the experiment: adaptive logic modules (ALMs), embedaenory bits, digital signal processing
(DSP) blocks. The ALMs are used for the implementationsitiiretic operators and storage cells. The
embedded memory bits are used mainly for storage cells. Bfe locks are used only for arithmetic
operators such as dividers and multipliers. The target FB&Ace Altera Stratix 11l EP3SL150 contains
56,800 ALMs, 5,630,976 embedded memory bits, and 384 DStk&lo

It can be observed from Tables 2—4 that both the pre-tramstamd post-transform unit utilize
only a small percentage of ALMs, embedded memory bits, ang BIScks. The ALM utilization of
post-transform unit grows with image resolution becausetdbles in the cosine computation modules
are implemented by ALMs. The divider in the post-transformdule is implemented by DSP blocks.
The major hardware resource utilized by on-chip memoryasetmbedded memory bits, which grows
linearly with N2. The FFT unit utilizes most of the ALMs, which are used for thesign of mirror
reflection module and 1D FFT module. The FFT unit uses DSPklboty for the implementation of
complex multipliers. Since there is only one complex mlikipin the 1D FFT module, independent
of image resolutions. The DSP block utilization of FFT umsittherefore also independent of image
resolutions.

Table 2. The ALM utilization of each unit in the proposed architeetdior various image
resolutions.

Image Resolutions Pre-Transform FFT  Post-Transform  Oip-lemory
129x 129 197 8,358 889 136
257 x 257 201 10,532 959 178
513 x 513 221 19,049 1,641 301
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Table 3. The embedded memory bit utilization of each unit in the pegabarchitecture for
various image resolutions.

Image Resolutions Pre-Transform FFT Post-Transform  Oip-8lemory

129x 129 0 61,440 4,608 299,538
257 x 257 0 122,880 4,608 1,188,882
513 x 513 0 233,472 4,608 4,737,042

Table 4. The DSP block utilization of each unit in the proposed amgttiire for various
image resolutions.

Image Resolutions Pre-Transform  FFT  Post-Transform  Oip-&temory

129 x 129 0 24 16 0
257 x 257 0 24 16 0
513 x 513 0 24 16 0

Table 5 shows the total hardware resource utilization ofpfegosed architecture for images with
different resolutions. It can be observed from the tablé th@increase in the ALM utilization is small
when image resolution enlarges. In fact, as the image regoluncreases 16 folds.¢., from 129x 129
to 513 x 513), the ALM utilization is only increased approximatelyolds (.e., from 9,580 to 2,1212).
The embedded memory utilization grows linearly with the gmaesolution. The DSP block utilization
is independent of the image resolution. In addition to tle@aomplexities of the entire architecture, the

table consists of the area complexities of the entire SORuke proposed architecture as a custom
user logic.

Table 5. The total area costs of the proposed architecture for vaiinage resolutions.

Proposed Arch. Entire SOPC
Image ALMs Embedded DSP ALMs Embedded DSP
Resolutions Memory Bits Blocks Memory Bits Blocks
129x 129  9,580/56,800  365,586/5,630,976  40/384 17,081/56,8@®8,722/5,630,976  44/384
(17%) (6%) (10%) (30%) (17%) (11%)
257x 257 11,870/56,800 1,316,370/5,630,976 40/384 20,908086, 1,916,434/5,630,976 44/384
(21%) (23%) (10%) (36%) (34%) (11%)
513x 513 21,212/56,800 4,975,122/5,630,976 40/384 28,568086, 5,085,778/5,630,976 44/384
(37%) (88%) (10%) (50%) (90%) (11%)

The execution time of each step of phase unwrapping algorithplemented by the proposed
architecture for various image resolutions is shown in &bl The execution time is measured by the
SOPC platform with 500 MHz NIOS softcore CPU. The proposetigecture is used as the accelerator,
as shown in Figure 17. It can be observed from the table treaFH#I and IFFT are the most time
consuming operations. In particular, when image resalutso513 x 513, both the FFT and IFFT
consume 71.9 % of the total computational time. These esul consistent with those shown in
Table 1, where the FFT unit has the highest time complexity.
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Table 6. The execution time of the proposed phase unwrapping aoturee for various
image resolutions.

Image Resolutions Pre- Post- Inverse Total
Transform FFT Transform FFT
129 x 129 0.1(ms) 03(ms) 0.2(ms) 0.3(ms) 0.9 (ms)
257 x 257 0.3(ms) 09(ms) 04(ms) 0.9(ms) 2.5(ms)
513 x 513 11(ms) 32(ms) 14(ms) 3.2(ms) 8.9(ms)

Figure 17. The phase unwrapping results 257 x 257 images:(a) The phase wrapped
image,(b) The phase unwrapped image produced by the proposed atahétec
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Although the division and cosine operations are requiragtiénpost-transform unit, the computation
time is low and comparable to that of the pre-transform Wot.a 513x 513 image, the post-transform
unit consumes only 15.7% of the total computation time. Tds €Eomputation is due to the efficient
single-address-multiple-data operations as revealedigarés 14 and 15. The single address for
retrievingl’,, ,, actually produces$’,,, ,,, cos(mm/N) andcos(mn/N) for computing®,,,, in a pipeline
fashion. As a result, the architecture is able to minimizeaber of memory accesses while maintaining
high throughput.

Table 7 shows the speed of the proposed phase unwrappingeatare for images with various
resolutions. The speed of its Matlab software counterpaming on the 2.8 GHz Intel 17 quad-core
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processor with 4 GB DDR lll is also included in the table forgmarison purpose. We can see from
Table 7 that the proposed hardware circuit operates atfwignily faster speed. The speedup over its
software counterpart grows with the image resolutions. hsiage resolution reaches 5%3513,
the speedup becomes 605. Note that the total computati@andfrphase unwrapping for 518 513
images is only 8.9 ms. This implies that the proposed arctite can support rendering with frame rate
100 fps. The proposed architecture therefore can be efédégemployed for embedded DHM requiring
rendering with high frame rate.

Table 7. The execution time of the proposed phase unwrapping aoturee for various
image resolutions.

Image Proposed Software Speedup
Resolutions  Architecture  Counterpart
129x 129 0.9 (ms) 468 (ms) 585
257 x 257 2.5 (ms) 1504 (ms) 601
513x 513 8.9 (ms) 5389 (ms) 605

Table 8 lists the computation time of various existing phaserapping implementations. The
direction comparisons of these implementations may becdiffbecause these implementations are
based on different phase unwrapping algorithms with diffieimage resolutions. In addition, these
implementations are realized by different platforms. Nthadess, we can still see from Table 8 that the
proposed is an effective alternative for phase unwrappihgnathe computation time is an important
concern.

Table 8. The execution time of different phase unwrapping impleragois.

Implementations Computation Image Resolutions Platforms
Time

Proposed 8.9 (ms) 513x 513 FPGA (Altera Stratix Ill
Architecture EP3SL150)

[19] 672 (ms) 512x 512 GPU (NVIDIA Geforce
8800GTX)

[27] 2.8(s) 640x 480 GPU (NVIDIA Geforce
8800GTX)

[20] 24.7 (s) 1,024x 512 FPGA (Xilinx Vertex Il
Pro)

Figures 17 and 18 show the phase unwrapping results of th@oged architecture. The images
considered in the experiments are produced by the DHMs ilXRdab at the Institute of Electro-Optical
Science and Technology, National Taiwan Normal Univerditythe experiments, microlens made by
SUSSA (with radius of curvature 120 microns) are tested. intege resolution is 25% 257 and
513 x 513 for the images shown in Figures 17 and 18, respectively.evhluate the accuracy of
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the reconstruction, the radius of the curvature in the phaseapped results are measured, and are
compared with the actual radius of the curvature of the neas The measured radius of curvature
of the two microlens in Figure 17 are 121.0 and 121.1 microespectively. The measured radius of
curvature of the microlen in Figure 18 is 119.7 microns. Theximum error of the unwrapped results
therefore is only 1.1 microns for the measurement of radiusiovature.

Figure 18. The phase unwrapping results for3 x 513 image: (a) The phase wrapped
image,(b) The phase unwrapped image produced by the proposed atahétec
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5. Concluding Remarks

The proposed architecture has been found to be effectivgtiase unwrapping. It utilizes low
hardware resources. Only a single divider and complex plidtiis used in the architecture. The
utilization of DSP blocks therefore is minimized. The ALMdamemory bits utilization also only grow
linearly with the image resolutions. Each unit in the aretiitire is implemented in a pipeline fashion
for enhancing the throughput. The architecture therefassf@ist computation speed. In particular, when
the image resolution is 518 513, the computation time is only 8.1 ms. The speedup atébover
its software counterpart. The architecture is able to suppame rate above 100 fps for embedded
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DHM rendering. The architecture is an effective alterrafinr the implementation of embedded DHM
systems where low hardware resource utilization, high ema&golution and high image rendering rate
are desired.
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