Filtering and Unwrapping Doppler-OCT for Extended Range of Microscopic Fluid
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Doppler optical coherence tomography (D-OCT) [1] is Simulations were conducted using the model of laminar flow in cylindrical A hand-held OCT probe was used to measure the velocity o " e
a technique for microscopic fluid velocity measurement tubes to estimate the true cross-sectional flow velocity map. When the map of diluted milk tlowing through a tube. The flow rate was
using optical interferometry. Applications of D-OCT average flow velocity is known, the cross-sectional velocity map can be controlled by a roller clamp. The system used Iin the
include blood flow monitoring [1, 2]. Ideally, an cross- modeled as 0? experiment IS a _comrr?ermgl swept-spectrum OCT imaging el
SeCtIOna| ve OClty map Slmllar to Flgl |S deS|red Fig.1 Ideal cross-section fluid velocity map in a tube V(p) — ZVavg (1 _ﬁ) SytSr:Zem (Dltagrllct))s'tl(zj Pdfr:O?'i%OlnC) Oeratlng att 13f1g0lr<]Hm, 4s;|»ijuet:‘e
However, depending on the physical configuration of a s Wit a spectral bantwidin o m, an A-stan rate o 1z
D-OCT system, it is only able to measure velocity where r is the inner-radius of the tube, and p is the radius variable of the fi?d an imaging aperture of O:OhS NA. The maximum veIoc;ty
within a range [-Vmax, +Vmax]. Velocity outside of this polar coordinate system. According to this model, the fluid velocity at the }3'5 S%Stﬁ_m C?” | me;\sure Wit OUth wrapping I1s 1.74 cm/s. Gsﬁsj(t;d
range wraps around, causing the banding visible in inner wall of the tube is 0, and the velocity at the center is 2Vavg. eyond tnis velocity, the wrapping shows up.
Fig2. (orange = +Vmax, blue = -Vmax). The
measurement tend to be noisy, making direct
unwrapping unviable.

Fig.2 Noisy output of a D-OCT measurement Res U I tS

Experimental datasets were processed using the algorithm. Below shows a comparison of the simulation and the experimental results. The average flow velocity ranges

P from O cm/s to 8.6 cm/s, which corresponds to a peak velocity from O cm/s to 17.2 cm/s. Our algorithm generates a smooth velocity gradient from the noisy raw data, and

Robust Phase Tracker (MOd Ifled for GPU) the results agrees well with the physically simulated velocity profile. Because of our modification on the original robust phase tracker that eliminates the inner dependence
between output pixels, the massively parallel floating point computation capability of the graphics card can be fully utilized by splitting the workload (pixels and optimization

Inspired by the Robust Phase Tracker dimensions) onto the CUDA cores.

method [3] , we created a simpler
version for our purpose. The method
extracts the information and rejects the
noise by taking advantage of the spatial
correlation and redundancy of nearby
pixels. The algorithm is suitable for e GO e ATk T, SR ST TR e
massive parallel processing: R Tl O (i AR ;,':,-,f.};,:g{
+ Scan a n-by-n window around each SRR =
pixel across the Input Image, with
zero boundary condition.

Fitted Phase

i.,

0
* For window centered at (x0, y0), -
- Fit the phase using spatial |
: Fig.3 Visualization of the window, the fitted phase, and the error map for pixel
frequenCIeS (74, 56), generated at intermediate steps in CUDA kernel . . .
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A processing time for each of the images to the order of seconds. This makes
[C‘A)x | a“)y | ¢0] — argmin C(a)x @, ¢o) semi-realtime filtering and unwrapping of such datasets possible.
(o4, @, ¢ )esearch space

- Solve optimization problem:
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Robust Phase Tracker (Modified for GPU)

3.14
Simple low-pass filtering don’'t work here, because it also softens the +Vmax to -Vmax discontinuous

jumps In the image, making unwrapping impossible.

Original Direct low-pass/median filtered Unwrapped (failed)
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Inspired by the Robust Phase Tracker method [3] , we created a simpler version for our purpose. The
method extracts the information and rejects the noise by taking advantage of the spatial correlation
and redundancy of nearby pixels. The algorithm Is suitable for massive parallel processing:
» Scan a n-by-n window around each pixel across the input image, with zero boundary condition. Fig.3 Visualization of the window, the fitted phase, and the error map for pixel (74, 56),
+ For window centered at (x0, y0), generated at iIntermediate steps in CUDA kernel

- Fit the phase using spatial frequencies
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(x,y) in window (¥.Y,) Two Input datasets with different fluid velocity

- Solve optimization problem:
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Implementation and Results

Experimental datasets were processed using the algorithm. The table shows a
comparison of the simulation and the experimental results. The average flow
velocity ranges from 0 cm/s to 8.6 cm/s, which corresponds to a peak velocity
from O cm/s to 17.2 cm/s. Our algorithm generates a smooth velocity gradient
from the noisy raw data, and the results agrees well with the physically
simulated velocity profile.

Because of our modification on the original robust phase tracker that eliminates
the Inner dependence between output pixels, the massively parallel floating
point computation capabllity of the graphics card can be fully utilized by splitting
the workload (pixels and optimization dimensions) onto the CUDA cores. Below
shows the pseudo code of the CUDA kernel and some performance statistics.

Hernel Za(input Image, temp)

—{

Focu=s on window around (blockDim.X,blockDim.vy)
Load . pixel to shared memory array(tx,tvy)
syncThreads()

Phi = PhiSet (blockDim.Zz)
W=
Wy

tH:
[P

— For each (x,v) belong to win

Calculate pixel Err
= acumualate pixel Err to window Err (local wvariable)

end

move window Err to shared Err[Wy] [Wx]
Search minmum 1n window E(Wx,Wy) with reduction tree

syncThreads()

i Set temp(xX,vy,phl) to E min
}

rernel Zb(temp, output Image)
—11

Search temp agaliln in Phi dimen=sion

¥

Average
velocity (cm/s)

Simulated wrapped Raw measured Simulated velocity Unwrapped measured
velocity (cm/s) velocity (cm/s) (cm/s) velocity (cm/s)

0.0

1.67

2.50

4.72

8.62

Average Runtime Per Pixel| Average Memory Access Average FLOPS

L Fach thread responsible for . output pixel AChieved performance on GtX-75OTI
(21 x 21 window)
(21 x 21 x 21 parameter space)

0.08 ms 463.37 MB/s 820 - 1230 GFLOPS



