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‡ VisionQuest Biomedical, Albuquerque, New Mexico 87106. Email: sbarriga@visionquest-bio.com
Abstract—A Computer Aided Diagnosis system based on multiscale amplitude-modulation frequency-modulation (AM-FM)
methods has been recently developed for discriminating between
normal and pathological retinal images. The original Matlab
implementation of this system required large amounts of computational time and memory resources that would not permit
real-time patient consultation. In this manuscript, we present a
new implementation of the multiscale AM-FM decomposition,
converted from MATLAB code into C/CUDA (Compute Unified
Device Architecture) code, in order to take advantage of the
graphics processing units (GPU) to significantly reduce the
running time and memory resources.
To perform the AM-FM decomposition at high speed, the
original image is read into the main memory (host side, in
the personal computer) and transferred to the global memory
in the CUDA card (device side, the GPU), where the AMFM decomposition is computed at thirteen different frequency
scales. The results are transferred back to the host and saved in
the local hard drive. The intensive mathematical operations are
parallelized to achieve maximum utilization of the CUDA card.
This new implementation runs 20 times faster than an optimized, parallel implementation in MATLAB running on an
personal computer with an Intel Xeon Processor W3520, and the
memory requirement is reduced from 4GB to below 0.9GB for
images of 2252 × 1996 pixels or smaller. The required resources
for the new implementation can be found in entry-level CUDA
cards that are currently available.
Index Terms—AM-FM, diabetic retinopathy, GPU, parallel
processing.

I. I NTRODUCTION
According to the National Institutes of Health (NIH), diabetes is the leading cause of new cases of blindness among
adults from 20 to 74 years old [1]. In the United States alone,
in 2005-2008, 4.2 million people (28.5%) with diabetes ages
40 years or older had diabetic retinopathy, and of these, 4.4%
had advanced diabetic retinopathy (DR) that could lead to
severe vision loss. It is estimated that over 10 million diabetics
do not receive the recommended annual eye examinations,
significantly increasing their risk of blindness.
A system for automatic DR screening has been presented
by Agurto et al. in [2], [3]. One of the requirements of an
efficient screening system is that it produces real-time results
that can be communicated to the patient while the patient
is still in the doctor’s office. The complexity of the original
system implementation makes this a daunting task. This paper
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presents an efficient implementation using a Compute Unified
Device Architecture (CUDA) card.
Recently, graphics processing units (GPUs) have emerged
as viable alternatives to general purpose microprocessors for
performing complex computations. Medical image processing
is an area that can take full advantage of this new paradigm
due to the amount of data and/or the complexity of some of the
processing methods associated with computer-aided detection
applications. For example, Moulik and Boonn [4] presented
examples from tracking and registration, whereas Suh et. al.
presented an implementation for multiple sclerosis in [5]. More
generally, several CUDA implementations of Wavelets have
appeared since 2008 [6], [7], [8], [9]. Additionally, Yoo et
al. presented an investigation of multiscale approaches for
image fusion algorithms in [10]. In this manuscript, our focus
is on the development of a real-time, multiscale, amplitudemodulation frequency-modulation (AM-FM) analysis system
for medical applications. In terms of the hardware/software
implementation, the goal of this work is to reduce the memory
requirements below the maximum global memory available in
low-level CUDA cards, and to be able to use the GPU to
reduce the processing time of the AM-FM decomposition to
only a few seconds.
This manuscript is organized as follows. In section II we
describe the methodology used for multiscale image processing given the hardware constraints. section III shows the
performance results. Conclusions are given in section IV.
II. M ETHODS
A. Amplitude-Modulation Frequency-Modulation (AM-FM)
Decomposition
A digital image can be represented in terms of its instantaneous amplitude and frequency-modulation components as
[11]:
I(k1 , k2 ) ≈

M


an (k1 , k2 ) cos ϕn (k1 , k2 ),

(1)

n=1

where (k1 , k2 ) represents the discrete coordinates, M is the
number of AM-FM frequency scales, an represent the instantaneous amplitude functions (IA), and ϕn (x, y) represent the
instantaneous phase functions.
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For each AM-FM component, the instantaneous frequency
(IF) is defined in terms of the gradient of the phase ϕn (x, y):


∂ϕn (x, y) ∂ϕn (x, y)
∇ϕn (x, y) =
,
.
(2)
∂x
∂y
IF estimates are obtained using the variable spacing, local
linear phase method described in [11]. AM-FM demodulation
is performed using 31 bandpass filters associated with a 5-scale
filterbank. These frequency scales are used to define thirteen
Combinations of Scales (CoS) that span the image frequency
spectrum (see [2] for its application to diabetic retinopathy).
From each-scale, an AM-FM component is estimated using
dominant component analysis applied to the channels that fall
within each scale.
B. CPU-GPU System and Resources
All the implementations in this work (MATLAB and
C/CUDA AM-FM decomposition) were developed and tested
using the same system. Our hardware system is composed
of: (i) an Intel Xeon Processor W3520 (CPU) running at
2.67GHZ, with 6GB of memory, (ii) a NVIDIA GeForce
GTX465 card with 1GB of global memory and 352 CUDA
cores running at 607MHz, and (iii) a Hard Drive Seagate
ST3500418AS, 7200 RPM, SATA 3Gb/s. Our software system
was implemented using a Windows 7 Professional, 64-bit OS,
running MATLAB 7.11.0.584 (R2010b 64 bit), CUDA SDK
v3.2 (64bit), and Microsoft Visual Studio 2010 Professional
(64bit).
C. MATLAB implementation of the multiscale AM-FM decomposition
This version was implemented based on [11], [2], using a 5scale filterbank, 31 filters and 13 CoS. The required algorithm
for computing AM-FM decompositions can be summarized as
follows:
• Read image from hard drive, decompress, extract green
channel, and zero-pad the image.
• Generate the analytic image.
• Generate the filterbank (31 bandpass filters).
• Generate the 13 CoS.
This implementation keeps all the data in memory, which is
about 3GB, and is designed to be executed sequentially. The
use of the MATLAB Parallel Toolbox allows us to parallelize
the filtering of the images among the 31 bandpass filters with
a performance gain when compared to a purely sequential
implementation. The other functions work sequentially.
D. C/CUDA implementation of the multiscale AM-FM decomposition
We begin by showing in Fig. 1 a general representation
of the system that it is used in this work. The image to
be processed is loaded from the hard drive in the personal
computer to the system memory (host, left part in Fig. 1)
and then it is transferred to the global memory (device, right
part in Fig. 1) via the PCI Express bus. Next, the CUDA
cores (processors) perform the AM-FM decomposition and the
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results are stored in the global memory to be transferred back
to the host. To perform the image processing computation at
high speed, all the processing must be performed on the device
memory by using the cache memory as much as possible.
There is an L1 cache for each multiprocessor and an L2 cache
shared by all multiprocessors. Both are used to cache accesses
to global memory. The same on-chip memory is used for both
L1 and shared memory.
In terms of the implementation, this version was based on
the work presented in [11], [2] but with memory and parallel
optimizations for CUDA. Fig. 2 shows the block diagram of
the algorithm’s implementation.
First, the algorithm generates the analytic image (Fig. 2,
block (a)), then one custom filter per direction (two in total for
an image) is generated at a time (Fig. 2, block (b)). With those
three computed signals, we process one of the components of
the filterbank (Fig. 2, block (c)), and generate a CoS result that
is sent to the host for storage (Fig. 2, block (d)). This process
is repeated 31 times (from the 31 bandpass filters used) and
at the end we complete the computation of the 13 CoS’s in
the host side.
The main bottleneck in the use of GPUs is the data transfer
between the host and the device (with peaks up to 3GB/s).
In order to minimize this issue, there are only 32 significant
transfers in the whole process: (i) 1 to move the green channel
from host to device, and (ii) 31 transfers to move each CoS
from the device to host. Additionally, a small amount of data
is transferred to the device to generate the multiscale filterbank
(bandpass filters’ coefficients).
The AM-FM decomposition is performed by dividing the
task into several threads. The type of threads can be divided
into three groups: (i) FFT (Fast Fourier Transform) threads,
(ii) BLAS (Basic Linear Algebra Subprograms) threads and
(iii) custom threads (see [12]):
• FFT threads: Implemented using the CUFFT Library
(CUDA FFT) that implements the following DFT (Discrete Fourier Transform) building blocks: radix-2, radix3, radix-5 and radix-7. The performance of any transform
size that can be factored as 2a × 3b × 5c × 7d (where
a, b, c, and d are non-negative integers) is optimized in
the CUFFT library. In our particular case, our images of
2224 × 1888 are padded to 2304 × 2048 = (28 × 32 ) ×
(211 ).
• BLAS threads: Implemented using the CUBLAS Library
(CUDA BLAS). The basic operation to use the CUBLAS
library is to create matrix/vector objects in the global
memory, fill them with data, call a sequence of CUBLAS
functions, and store the results in the same global memory. We use BLAS functions to create matrices/vectors,
find maximum values and to perform matrix multiplications.
• Custom Threads: They perform specific tasks for the
AM-FM decomposition: (i) point to point matrix multiplications, (ii) create masks to generate analytic images, (iii) complex numbers operations, (iv) image
padding/cropping, (v) vector normalization, and (vi) cal-

TABLE I
RUNNING TIME TO PROCESS ONE IMAGE OF 2224 × 1888 PIXELS UNDER
DIFFERENT IMPLEMENTATIONS .

Code
Running
Time
Specific
Changes

Standard
Desktop

Optimized system and code

Parallel
toolbox

MATLAB
24min

MATLAB
6.5min

MATLAB
5min

(Original
version.)

Increased CPU
power,
more
RAM memory.
Removed HD
access
for
buffering.

Use
of
multi-core
processing
(4 cores).

Port
compiled
code/use
GPUs
C/CUDA
15sec

to

Move
from
MATLAB to
C. Use of
GPUs
(352
cores).

culus of the displacements. In all cases, the threads are
designed to maximize all the parallel processing, memory coalescing and minimizing conditional branches. In
particular, the displacements in the AM-FM computation
(see [11] for more details) are performed in place to avoid
intermediate storage.

TABLE II
RUNNING TIME TO PROCESS THE MULTISCALE AM-FM DECOMPOSITION
IN THE CUDA CARD ( SEE F IG . 2).
Process
Read, decompress and transfer image
and filters data from the host to the
device.
Generate padded image.
Generate the analytic image and produce 2D filters.
Filter image in the frequency domain
using FFT.
Space domain filtered image and pad
removal.
Computation of AM-FM estimates (see
(1) and (2)).

Time (ms)
110
14
20
31 × 22 = 704
31 × 42 = 1344
31 × 160 = 5120

TABLE III
D IFFERENCES IN THE AM-FM ESTIMATIONS BETWEEN THE FASTEST
MATLAB IMPLEMENTATION AND THE C/CUDA VERSION .
AM-FM estimate
Instantaneous Amplitude
Instantaneous Frequency (magnitude)
Instantaneous Frequency (angle)

Average
0
< 10−11
< 10−11

III. R ESULTS
For the test, we used retinal images of size 2224 × 1888
pixels. In Table I we compare the computation time to process
one image under different implementations (MATLAB in
different versions and CUDA). The first three cases show the
improvement in the running time for the MATLAB implementation, and the last one shows our results using GPUs.
The current processing time can be divided into:
• About 7 seconds are spent in the device side performing
the AM-FM decomposition. Some specific times for each
process are shown in Table II (see also small typeface
letters in Fig. 2).
• About 1 second is used at the beginning to read the image,
initialize the CUDA card, read the image, decompress and
transfer it.
• The remaining 7 seconds are spent saving the results in
the hard drive.
Since the MATLAB implementation uses different resources
of the system than the C/CUDA version, we measured the
differences in the results as shown in Table III. The differences
are negligible, thus the results in practice are the same (note
that MATLAB version was tested in [11]).
IV. C ONCLUSIONS
We have presented a real-time CUDA implementation of a
multiscale AM-FM based diabetic retinopathy (DR) screening
system. This is the first implementation of AM-FM on a
GPU for medical applications and the dramatic reduction in
the running time will allow its widespread use in complex
medical problems. In this particular case, the DR screening
system is now able to process the patient images in real-time.
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C/CUDA code implementation reduces the running time
significantly. However, as a trade-off, the time and resources
needed to write the code in C/CUDA is higher than MATLAB.
Also, the difference in the cost between the hardware with and
without the CUDA card is less than 20%. Porting the code
to C/CUDA is not straightforward. To achieve an efficient
and fast implementation, specific changes in the algorithm
are needed, and strong knowledge of the GPU hardware
architecture is required.
The work developed in C/CUDA in this manuscript requires
a NVIDIA CUDA card with compute capability of 2.0 or
higher (double precision floating point unit). This code is
portable to other CUDA cards with that compute capability
and at least 1GB of global memory.
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