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ABSTRACT 

A GPU-accelerated real-time CGH computation and display framework for beam steering is 

reported in this dissertation. This approach utilizes CUDA for CGH computation and OpenGL 

API for 2D CGH rendering. The deterministic method for CGH beam steering is suitable for GPU 

computation because such method possesses low complexity, massive calculation, and 

independency of each pixel, which enables pixel-wise parallel processing with GPU. The 

performance of the presented approach for GPU-based CGH calculation and display on GTX 

1650-Ti, results in ~10 times faster than CPU-based processing on i7-10750H@2.6GHz, which 

also achieves the maximum refresh rate (180 FPS) of the current generation of Texas Instrument 

Phase Light Modulator (PLM). In addition, we combine deep learning model (YOLOv4-tiny) for 

object detection and recognition, enable the system doing AI-based dynamic beam steering and 

trace the object of interest. Instead of single beam steering, multi-beam with variable beam ratio 

beam steering is also conducted on the same GPU framework, resulting in the beam steering speed 

more than 1k beams/second. Furthermore, the beam ratio simulation is introduced, which matches 

the measured beam ratio results. This simulation model allows us to predict and control the energy 

distribution. Thus, the AI-based dynamic multi-beam tracking with varying beam ratio is 

demonstrated in this dissertation.  
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1. CHAPTER 1: INTRODUCTION 

1.1.  Motivation 

Laser beam steering (LBS), which refers to actively control the laser beam direction to the 

desired point, is very critical for variety of industrial and optical instruments and applications 

such as optical tweezers, optical switch, free space communication system, and Light Detection 

And Ranging (LiDAR). LBS is commonly accomplished by mechanical or non-mechanical 

system.  

Mechanical LBS system includes gimbals, Galvanometric mirrors, Risley prisms, and 

Risley gratings. Although those mechanical steering devices are widely used, they tend to be 

large, heavy and complex as well as expensive. For example, gimbals can usually be pointed and 

stabilized very accurately, but they cost hundreds of thousands of dollars with the size around 20 

inches or more; Galvanometric mirrors can move at ~1 kHz which allows for fast small angle 

steering, but the steering speed and the power consumption depend on the size of the mirror, 

larger-size-mirror needs more power, provide less steering speed, and it usually cost thousands 

of dollars. Furthermore, mechanical approach systems have the relatively short lifetimes due to 

their heavy weight and large amount of moving parts. Such mechanical beam steering device is 

difficult to achieve random access, meaning it is hard to dynamically control the system to only 

steer the optical beam to the region of interest (ROI), instead, it keeps scanning through the 

entire FOV by raster scanning. 

Non-mechanical steering system usually utilizes Spatial Light Modulator (SLM) or  optical 

phase arrays (OPAs), diffractively controlling the angle of outgoing optical beam by changing 

the phase profile of the incoming wavefront. Due to the programmable nature of SLMs and 

OPAs, random access is feasible. The SLM usually displays a blaze grating or binary grating 
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computer generated hologram (CGH) to alter the phase or amplitude of illumination. Due to the 

light-weight, small size, as well as having fewer moving parts, the power consumption often 

lower that mechanical steering devices, such non-mechanical steering system includes Liquid 

Crystal on Silicon (LCoS), and arrayed Micro-Electro-Mechanical Systems (MEMS) mirror.  

Liquid crystals are self-assembled soft materials, consisting of certain anisotropic 

molecules with orientational orders. LC directors can be re-oriented with the presence of an 

electric field, due to both the optical and dielectric anisotropies of the LC molecules, resulting in 

refractive index modulation. Using this simple principle, LC spatial light modulators (SLMs) can 

be established by pixelating such refractive index modulators in a two-dimensional array [1]. In 

particular for lidar applications, Liquid-crystal SLMs displaying gratings have a number of 

potential advantages, such as the performance is highly repeatable since the deflection angle only 

depends on the grating pattern displayed without moving part. The device area, A, is one of 

critical aspects since the maximum detectable range scales with √𝐴. The large device area of 

LC-based device satisfies requirement; However, the slow response time of liquid crystals limits 

the speed of scanning (frame rate) up to several hundred Hz. Moreover, linear polarization is 

required for LCoS due to the characterization of liquid crystals, so that the photon throughput is 

at least reduced by half when LCoS serves as the transmitter and receiver of LiDAR system. 

Such speed limitation and polarization requirement prohibit LC-based SLM (LCoS) devices 

from high-speed beam steering and highly efficient applications such as automotive lidar even a 

large beam area accommodated.  

As for the MEMS mirror, commercially available MEMS-SLM such as Digital 

Micromirror Device (DMD) synchronized with a short-pulsed laser, can operate in tens of kHz 

frame rate with no polarization specific illumination is required, accommodates array area of 
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over 140 mm2 and having high beam steering efficiency (close to 100% in theory), wide field of 

view (48 degrees) while minimizing the number of moving parts [2].  

Another arrayed MEMS SLM, phase light modulator (Texas Instruments Phase Light 

Modulator: TI-PLM), modulates the incoming wavefront phase by piston motion of micromirror 

array, thus, such device has no polarization requirement, possess the light-weighted advantage 

and is able to operate in potentially up to tens of kHz frame rate. Furthermore, TI-PLM is 

feasible for random access which allows the outgoing optical beam only scan through the ROIs. 

This also indicates that TI-PLM is more flexible and could “skip” the unnecessary area even if 

the area is between the beam steering paths. For example, raster mechanical scanner could scan 

through area “A”, “B”, and “C” continuously, but it cannot only scan “A” and “C”. Instead, TI-

PLM could skip “B” and only deliver the photon to where it is needed.  

Beam steering by TI-PLM suffers from relatively narrow scanning angle on the order of 

λ/d, where λ and d are wavelength and pixel period, respectively. Also, TI-PLM needs CGH with 

grating pattern to steer beams, which the generation of CGHs requires massive computation, 

such time cost for CGH generation will result in the difficulty of implementing this technique to 

the real-time application, not to mention interacting with the real-world scene via camera system. 

The narrow scanning angle defect could be solved by the combination of two scanning 

modalities, DMD and TI-PLM. DMD provides the large angle (over 48 degrees of angular 

throw) diffractive beam coarse steering [3, 4], TI-PLM handles the optical diffractive fine 

steering with more flexibilities. In this manner, wide field of view along with random access 

dual-MEMS beam steering system could be achieved. As for the computational speed, CGH’s 

calculation time is long due to the large amount of calculation required to simulate the light wave 

propagation, besides, if we have a 540x960 pixels of TI-PLM. Half million times of calculation 
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should be done pixel by pixel. Despite recent increases in the processing power of CPUs, it 

remains insufficient for real-time CGH applications using CPU computation structure [5]. For 

example, Gerchberg–Saxton Algorithm, which is one of the most widely used iterative CGHs 

calculation algorithm, can generate the CGHs with high quality image but it is a very time 

costing task [6]. Therefore, the processing time of CGHs should be decreased in order to achieve 

the practical and real-time applications.  

Various studies have been conducted to speed up the CGH calculation. For instance, look 

up table method, which is able to generate CGH very fast but lots of memory is required [7]; 

Recurrence approaches, which reduces the number of cosine computations as compared 

with conventional CGH formula [8, 9]; Deep learning based CGH generation approaches break 

the trade-off between algorithm runtime and achieved image quality, they achieve high-quality 

holographic image while maintaining the real-time framerates [10], but the model needs huge 

amounts of training dataset as well as training time; Another approach that dramatically increase 

the computation speed is the hardware approach, for instance FPGA (field-programmable gate 

array) and GPU (graphics processing unit).  

FPGA-based method shows the excellent speed of generating CGHs but it requires high 

cost and long-time development. GPU-based approaches have been widely developed in the field 

of optics, especially for CGH calculations and image reconstruction [11-17]. Although the clock 

speed of GPU is slower than CPU, GPU can still perform better than CPU when it comes to 

massive but relatively simple task. NVIDIA release the new architecture of GPU and new GPU 

computation software environment “CUDA” for developers in 2007, due to GPU’s strong 

parallel performance, well-supported development environment, and easy manage for GPU 

memory, GPUs are one of the most effective hardware accelerators available on the market so 
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that many papers applying CUDA to the field of optics have been published. However, although 

those CGHs are calculated in the fast speed using GPU, few of them include the render time for 

those CGHs on the display, which the render time is also needed to be considered especially for 

the real-time application such as LiDAR and robotics. On the other hand, CGHs for beam 

steering purposed with GPU is also lack of research. Thus, in this paper, we are going to discuss 

about how to implement CUDA-OpenGL framework for CGH calculation and display in the 

beam steering application using TI-PLM and extend such fast-speed computation to the real-time 

applications which is camera-based single/multiple beam tracking, as well as performing beam 

steering simulation based on FFT to explore the characteristics of TI-PLM and develop more 

possibilities for the future works. 

  



16 

 

1.2. Summary of Dissertation Contributions 

In this dissertation, A GPU-accelerated real-time CGH computation and display is reported 

that utilizes CUDA for CGH computation and OpenGL API for 2D CGH rendering. Such 

CUDA-OpenGL interoperability could handle the real-time processing for CGHs over 144 FPS 

(laptop’s performance limitation) for grayscale mode, and 125 FPS for RGB mode using the 

laptop off-the-shelf. In other words, the system can potentially steer 144 beams/second for 

grayscale mode, and 375 beams/second for RGB mode for single beam steering. Compared to 

the CPU-only method, the proposed approach could speed up 172 times and 518 times faster for 

grayscale mode and RGB mode, respectively. For multi-beam steering, 2 to 7 beam steering with 

RGB mode are tested, which 2-beam steering performs 94 FPS (564 beams/second), and 7-beam 

steering performs 60 FPS (1260 beams/second). 

Next, TI-PLM is interfaced to the host laptop via HDMI for the real laser beam raster 

scanning experiments. The single beam raster scanning results indicate that 60 FPS, 180 

points/second is achieved, which is 310 times faster than CPU-based processing speed. The 

speed decreases compared with the laptop only CGHs calculation and display speed since TI-

PLM serves as the second screen which consumes some extra computing resource from the 

laptop. But still, the performance of single beam steering is already achieving the upper speed 

limitation of the current generation of TI-PLM. Multi-beam raster steering from 2 to 7 beams are 

also tested, the realistic beam scanning speeds are 60 FPS from 2 to 6-beam steering, meaning 

360, 540, 720, 900 beams/second are achieved, also reach the upper speed limitation of TI-PLM. 

As for the raster scanning speed of 6-beam steering and 7-beam steering is 58 FPS (1044 

beams/second), and 53 FPS (1113 beams/second), respectively. Such CUDA-OpenGL CGH 

beam steering speed allows the system to implement to the real-time application. 
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With the above achievements, the camera-lidar hybrid adaptive beam tracking is 

developed. To do so, the laptop is connected with the USB camera to capture scene, deep 

learning model, YOLOv4-tiny, is deployed for object detection and recognition by OpenCV 

packages and is combined in the CGH processing program. Camera captures the scene and input 

to YOLOv4-tiny deep learning model, then the region of interests will be framed by the 

rectangular area, the corresponding CGHs would be calculated and display so that the beam 

could be steered to the corresponding rectangular region of interest and keep scanning through 

and tracking the objects. Multi-beam tracking with dynamically varying beam ratio is also 

demonstrated using two miniature toy cars with the same size, thus, if the size of the detected car 

is smaller, we can roughly tell that it is more distant form observation, stronger beam power 

should be distributed to the car; Likewise, larger detected car is closer to the observation thus 

lower beam power should scan through the region. In this way, the returning signals form multi 

objects are equalized. In addition, it solves challenges for lidars such as strong reflection signal 

from retro-reflective objects such as traffic signs. Also, dynamic range of lidar detector can be 

effectively increased by pre-adjusting the beam intensity of transmitter to objects based on the 

initial estimation of relative distance of objects by camera. In conclusion, we interface USB 

camera with CUDA-OpenGL beam steering framework, enable the system to be more adaptive 

by interacting with the real-world scene. 

 In order to control beam power distribution more appropriate and precise for multi-beam 

steering, the multi-beam power ratio simulation is required and should match with the measured 

power ratio. The simulation mimics the TI-PLM MEMS surface height for each micro mirror 

with 16 discrete piston positions and get the intensity distribution by doing the Fast Fourier 

Transform (FFT) of the outgoing phase reflected by TI-PLM. The simulation results highly 
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match with the measured power ratio, and sidelobe effects on the image plane also presents in 

the simulation, which is beneficial to the future work of sidelobe-free beam steering system 

development.   

Besides those achievements with TI-PLM, we also interface the camera system, 

microcontroller (Arduino Uno) to DMD, and pulsed laser to build a beam and image steering 

system based on gaze-input, meaning the photon (laser beam or image) is delivered to the place 

where the eye is looking at. Such achievement makes the AR display more flexible, keep the 

wide FOV while maintaining the image brightness and resolution of the AR display. 
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1.3. Dissertation format and contents 

In Chapter 1, we discuss about state-of-the-art of beam steering approaches and how TI-

PLM can benefit beam steering technique, and how GPU-based CGH beam steering with TI-

PLM can be utilized to address the challenges. Also, the background information is provided, 

including the principal of single beam steering and multi bream steering with phase light 

modulator, GPU computation introduction and the pipeline of CUDA-OpenGL interoperability, 

then we demonstrate the strategy of implementing the single/multi beam steering CGH equations 

to CUDA-OpenGL framework. In the end of the chapter, we test the speed of the beam steering 

CGH calculation and display on the laptop. Chapter 2 covers the experimental part, starting with 

TI-PLM introduction and experiment setup, then we perform the single/multi beam raster 

scanning experiments to test the TI-PLM frame rate and beam steering speed. Next, we connect 

the USB camera and deploy the pre-trained deep learning model to realize adaptive beam 

tracking, which is enabled by CUDA-OpenGL interoperability. The last section of the chapter 

simulates the multi-beam power ratio and compare with the measured power ratio and the 

extension of beam tracking system. Chapter 3 discusses future pathways to develop and explore 

the TI-PLM programmable blazed grating beam steering technology and concludes the 

dissertation with a summary. Complete reprints of the journal articles are included as appendices 

following lists of the author’s publications and dissertation references. 
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1.4. Basic principle for CGH beam steering 

1.4.1. Single beam steering 

Ray is a mathematical concept of trajectory along which electro magnetic energy 

propagates and is normal to the wavefront in a homogeneous and isotropic medium. Thus, the 

deflection of a laser beam could be implemented by applying the linear phase delay to the 

incoming wavefront [18]. Such tilt of the phase results in deviation of a k-vector of the diffracted 

wave from 0th order, the lateral shift of the focus spot would be observed at the lens’ back focal 

plane.  

In order to deflect the ray by phase light modulator (PLM), the blazed grating with 

modulo 2π phase reset should be encoded to PLM. The deflection angle 𝜃𝑚 of the 𝑚𝑡ℎ order is 

given by the grating Equation (1), 

sin 𝜃𝑚 =
𝑚𝜆

Λ
(1) 

where Λ is the grating period and 𝜆 is the laser wavelength. With the small angle 

approximation, the lateral deflection ∆r on the image plane with the focal length f for the 1st 

order diffraction is given by Equation (2). 

Outgoing wavefront 

Linear phase delay 

Incoming wavefront 

Figure 1: The schematic diagram of the wavefront after 

passing through the component that provides the linear phase 

delay. 
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∆r =
𝑓𝜆

Λ
(2) 

 When a plane wave is incident on the phase light modulator which is encoded with the 

linear phase change, the outgoing wave U(x, y, 𝜃𝑥, 𝜃𝑦) could be expressed as the function of the 

wavefront tilt angle in x-direction 𝜃𝑥, and the wavefront tilt angle in y-direction 𝜃𝑦. 

U(x, y, 𝜃𝑥, 𝜃𝑦) = 𝑒𝑗𝜙 = 𝑒𝑗
2𝜋
𝜆

𝑂𝑃𝐷(𝑥,𝑦)
= 𝑒𝑗

2𝜋
𝜆

(𝑥 sin 𝜃𝑥+𝑦 sin 𝜃𝑦) (3) 

 Where x and y are the pixel position on the phase light modulator. By applying small 

angle approximation, sin 𝜃𝑥 =
∆𝑥

𝑓
 and sin 𝜃𝑦 =

∆𝑦

𝑓
, the phase encoded on the phase light 

modulator should be. 

𝜙(𝑥, 𝑦, ∆𝑥, ∆𝑦) = [
2𝜋

𝜆𝑓
(𝑥∆𝑥 + 𝑦∆𝑦)] 𝑚𝑜𝑑 2𝜋 (4) 

 Where ∆𝑥 and ∆𝑦 is the lateral displacement from the 0th order in x and y direction, 

respectively. The maximum displacement ∆r𝑚𝑎𝑥 =  √∆𝑥2 + ∆𝑦2 occurs when the grating period 

Λ is minimized, which is Λ = 2 ∗ pixel pitch, thus the maximum displacement ∆r𝑚𝑎𝑥 =
𝑓𝜆

2d
. 

 Equation 4 represents the blazed grating phase for each pixel (x, y) on the phase light 

modulator plane. By encoding such phase on the phase light modulator, the 1st diffraction beam 

will be deflected to the assigned lateral shift (∆𝑥, ∆𝑦) on the image plane relatively to 0th order. 

 

1.4.2. Multi beam steering 

With a PLM, phase holograms can be widely used to generate multiple beams for 

different applications, such as multi-optical trapping of micro-particles in optical tweezers [19-

21], ultrashort pulse laser material micro-processing [21-23]. In addition, steering beam into 
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multiple directions while varying power of the 1st order diffracted beams would benefit the 

application of LiDAR beam steering since the beams’ energies can be controlled to obtain the 

equalized returning signals from multiple objects located at different ranges. 

To generate two-dimensional multiple beam patterns at the focal plane of the lens, the 

phase at the PLM plane should be the phase of the complex superposition of the single blaze 

grating phases 𝜙. Figure 2 shows the concept of it. Accordingly, the phase, 𝜃, encoded on the 

PLM can be expressed as:  

𝜃(x, y, ∆𝑥1, ∆𝑦1, … , ∆𝑥𝑛, ∆𝑦𝑛) = 𝑎𝑟𝑔 [∑ A𝑘𝑒𝑗𝜙𝑘

𝑛

𝑘=1

] . (5) 

Or,  

𝜃(x, y, ∆𝑥1, ∆𝑦1, … , ∆𝑥𝑛, ∆𝑦𝑛) = tan−1 (
∑ 𝐴𝑘 sin(𝜙𝑘)𝑛

𝑘=1

∑ 𝐴𝑘 cos(𝜙𝑘)𝑛
𝑘=1

) (6) 

where A𝑘 is assigned weight factor for number k beam which is intended to steer to 

(∆𝑥𝑘, ∆𝑦𝑘) on the image plane. The impact of A𝑘 to the measured power will be discussed in the 

next chapter. Equation 5 and 6 generate the identical phase holograms. However, the 

computational time for Equation 6 is substantially decreased.  

 
Figure 2: The schematic diagram of the concept for multi-beam steering 

CGH generation 
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1.5. GPU computation 

1.5.1. GPU 

Graphics processing units (GPUs) have been used for general-purpose computation, 

called GPU computing or GPGP [24, 25] over a decade. The very first GPU programs were used 

like a calculator which has a set of fixed operations to achieve some desired results, and those 

programs were very difficult to develop, debug and optimize [25]. However, researchers have 

proven that the use of GPUs could dramatically speedups and performs faster than central 

processing units (CPUs) for the certain algorithms [26, 27], and GPUs can provide much higher 

instruction throughput and memory bandwidth than the CPUs within a similar price and power 

envelope [28], thus led to the development of more user-friendly, dedicated and high 

programming flexibility languages that allows programmer to access and manage GPUs.  

Two key attributes of GPUs are data parallelism and independence. Not only is the same 

or similar computation applied to streams of many vertices and fragments, but also the 

computation on each element has little or no dependence on other elements [29]. Therefore, the 

computations that benefit more from GPU than CPU computing should have high arithmetic 

intensity. Good examples of this are the solution of systems of linear equations [29, 30], flow 

simulation [31], Protein Structure Prediction [32], power flow analysis [33, 34], 3D Ultrasound 

Tomography [35] and Thermal simulation [36], as well as the generation of Computer-generated 

holograms (CGHs) [15, 37-39]. Among those applications, the data communication required to 

compute each element of the output is small and coherent so the number of data transferred from 

main memory is kept low and the arithmetic intensity is high.  

In general, CPUs and GPUs are built based on very different structure, CPUs are 

designed to finish a task as fast as possible, while keeping the ability to quickly switch between 

operations. On the other hand, GPUs provide many parallel processing units which are ideal for 
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throughput computing, allowing to push as many as possible tasks through is internals at once. 

However, the design for graphics pipeline lacks some critical processing capabilities, which may 

result in lower architecture efficiency on throughput computing workloads [40]. Figure 3 shows 

the structure differences between CPU and GPU. It emphasizes the “Core amount” contrast 

between CPU and GPU.  

 

1.5.2. CUDA 

CUDA stands for Compute Unified Device Architecture, a general-purpose parallel 

computing platform introduced by NVIDIA. CUDA is a heterogeneous programming language 

that allows programmers to run the code on two different platforms, CPU (host) and GPU 

(device) and access parallel compute engine in NVIDIA GPUs to solve the computational 

problems in a more efficient way than on CPU. 

In CUDA, a grid is composed of a set of blocks, a block is composed of a set of threads, a 

thread is the fundamental building block of a parallel program, see Figure 4. Threads run the 

Figure 3: Distribution of chip resources for CPU versus GPU. GPU 

devotes more transistors to data processing. 
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kernel function, which is a function that is executed only on the GPU and cannot be executed on 

the CPU. Let’s take a look at a section of code to feel a sense of GPU (CUDA) programming. 

void main() { 

 

 for (int i = 0; i < 256; i++) { 

  a[i] = b[i] + c[i]; 

 } 

} 
 

The above piece of example code is the simple summation of two array performs in CPU. 

It stores the result of a summation of b and c value for a given index in the result variable a for 

that same index. The loop iterates 256 times, calculate the value throughout the indices from 0 to 

255. Notice that there is no dependency between one iteration of the loop and the next, so 

parallel processing for this task is preferred, each index executes the operation at the same time 

instead of waiting the previous iteration completes the calculation. Such parallel processing 

largely speedups the computational speed especially when it comes to computationally intense 

task. To implement parallel computing by CUDA, we could replace the loop and create a kernel 

function as below. 

__global__ void kernel_function(float* a, float* b, 

float* c) { 

 

 int i = blockIdx.x * blockDim.x + threadIdx.x; 

 if (i < 265) { 

  a[i] = b[i] + c[i]; 

 } 

} 
 

The kernel function looks similar to the normal function but with the loop structure 

removed. The value of i is defined by the thread that the program is currently running. In this 
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case, the program will launch 256 instances of this function, and one thread handles one of them. 

Meaning in CUDA, we launch a kernel to create a computational grid composed of blocks of 

threads to replace sequential computations, so that the program is no longer needed to iterate 

through the array, each component in the array is processed in parallel. This is great, since each 

of the component in the array is independent to each other in this case, there’s no need to wait for 

the previous component to finish the operation. On the other hand, before calling kernel function, 

we also need to specify the grid dimension (number of blocks and number of threads in a block) 

by dim3, a special CUDA type object for 2D-array calculation. The following example create a 

2D layout of threads composed of 30x18 blocks, and 32x30 threads inside a block. As the 

results, the total number of threads is 960x540. 

void main() { 

 

 const dim3 threadsPerBlock(32, 30); 

 const dim3 numBlocks(30, 18); 

 kernel_function << < numBlocks, threadsPerBlock >> > 

(a, b, c); 

} 
 

CUDA also provides a special parameter that defines the thread ID, see Figure 4. For 

example, for the above code, blockIdx.x, threadIdx.x, and blockDim.x, represent the index of the 

block in x-direction within a grid, index of the thread in x-direction within a block, and the 

number of threads in a block, respectively. Moreover, kernel functions have a __global__ prefix 

added to tell the compiler to generate GPU code instead of CPU code when compiling this 

function, and also make this GPU code globally visible from CPU [41]. 

In the following chapter, we will discuss how beam steering equations (Equation 4 and 6) 

for phase holograms is implemented by CUDA computation, and how they are beneficial from it. 



27 

 

 

 

1.5.3. CUDA-OpenGL interoperability 

Once we use CUDA to do GPU computing, we are able to generate image data. Let’s start 

rendering those images and exploring what CUDA’s massive parallelism along with OpenGL 

Utility Toolkit (GLUT) enables us to do in real time.  

OpenGL is an application programming interface (API) which is merely a software library 

for accessing features in graphics hardware contains over 500 commands to specify the objects, 

images and operations to produce interactive 2D or 3D computer graphics applications [42]. Due 

to its shared, open, and high-performance standard, OpenGL is widely applied in various areas, 

such as Game development [43], medical imaging [44], and 3D terrain modeling [45-47]. 

CUDA is suitable for improving the performance of data parallel computations, while 

OpenGL is for producing 2D and 3D computer graphics. CUDA-OpenGL interoperability 

provides interactive display, changing scene as a texture on the displayed rectangle in real time 

(Typically maximum refresh rate of 60Hz or 144Hz on modern visual display systems) [48] via 

sharing OpenGL resources with CUDA, and mapping buffer object from OpenGL to CUDA 

memory. In this manner, the back-and-forth data transfer between the host (CPU) and device (GPU) 

Figure 4: CUDA architecture.  The relation between grid, block, and 

thread. And the special parameter that defines the thread ID. 
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memories could be avoided and perform all the processing on the graphics card. The general 

process is shown in Figure 5.  

 

 

 

Figure 5: Illustration of alternating access to device memory that is mapped to 

CUDA to store computational results and unmapped (i.e., returned to OpenGL 

control) for display of those results. 

See Figure 6 for the more detailed process. First, initialize the GLUT library and setup 

the specifications for the graphic window, then create Pixel Buffer Object (PBO) using GLUT 

and create CUDA resource, then register PBO with CUDA resource. Map PBO to CUDA that 

turns over control of the buffer memory to CUDA to calculate the data, while unmap that returns 

control of the buffer memory to OpenGL for rendering. And the process goes back to mapping 

for the next frame 
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1.5.4. Conclusion 

In this chapter, we overviewed the benefit of using GPU computing, and gave the brief 

introduction to CUDA which allows programmers to access NVIDIA’s GPU to do massive 

parallel processing. Then, we introduced CUDA-OpenGL interoperability framework and briefly 

explained the workflow. CUDA is used to calculate the data, OpenGL is responsible to render 

the data on the screen. The interop is very fast since CUDA and OpenGL share data through 

common memory in the buffer [49]. 

In the following chapter, we are going to integrate CGH beam steering with CUDA-

OpenGL interoperability and explain how GPU computing is implemented to CGH beam 

steering in detailed with the code and comments. Then we will do the computation speed test 

with an off-the-shelf laptop, beam steering speed test with the laptop connected with phase light 

modulator via HDMI. Eventually, we will deploy a pre-trained deep learning model to our 

program and connect a USB camera to the laptop. In that way, we setup a camera-based beam 

Figure 6: CUDA-OpenGL interoperability workflow. 
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steering system which is capable of scanning through the object of interest by single beam 

steering and multi-beam variable beam ratio steering, called, GPU-based adaptive beam tracking. 
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1.6. GPU-based CGH processing for PLM beam steering 

1.6.1. Implementation 

As stated previously, the CGH beam steering equations are defined; The CUDA-OpenGL 

interoperability workflow is well-established. Next, I will demonstrate how to use CUDA-

OpenGL framework to process CGH for beam steering applications.  

The phase light modulator we use in the experiment has the resolution of 540x960 with 

2x2 memory cells on each pixel, meaning that each CGH will have the resolution of 1080x1920, 

and they are encoded with 0s and 255s. In other words, a 540x960 phase value will be converted 

to a 1080x1920 8-bits array to control the piston of each micro mirror. The detailed information 

of the phase light modulator is discussed in Section 2.1.1. As for the laptop (see Table 1), it is 

equipped with NVIDIA GeForce GTX 1650 Ti GPU, which consists of 16 Streaming 

Multiprocessors with the total of 1,024 CUDA cores, and Intel(R)Core(TM) i7-10750H CPU 

was adopted to implement the real-time CGH rendering and calculation based on CUDA-

OpenGL interoperability.  

Hardware information 

CPU Intel(R) Core(TM) i7-10750H 

OS Windows 10 Home 64bit 

Clock frequency 2.60GHz 

Memory capacity 16 GB 

GPU NVIDIA GeForce GTX 1650Ti 

CUDA version 11.4 

Clock frequency 1.49 GHz 

Memory capacity 4 GB 

Maximum threads per block 1024 

Table 1: The specification of the laptop we use for the experiments. 
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From section 1.4.1 and 1.4.2, we obtain single beam steering equation and multi-beam 

steering equation. In the following explanation, we use single beam steering CGH generation 

equation for example, which is: 

𝜙(𝑥, 𝑦, ∆𝑥, ∆𝑦) = [
2𝜋

𝜆𝑓
(𝑥∆𝑥 + 𝑦∆𝑦)] 𝑚𝑜𝑑 2𝜋 (8) 

 To implement this equation into CUDA-OpenGL interoperability GPU computing, we 

have to allocate the appropriate memory in GPU. Thus, we allocate (32, 30) threads in a single 

block (cannot exceed 1024 threads in a block due to the GPU limitation), and (30, 18) blocks, 

which results in (960, 540) threads, all threads execute the kernel function in parallel based on 

the pixel position (x, y), the CGH with (960, 540) resolution could be generated. See Figure 7. x 

and y represent the pixel position in the CGH, which is given by:  

𝑥 = 𝐵𝑥 ∗  𝑏𝑙𝑜𝑐𝑘𝐷𝑖𝑚. 𝑥 + 𝑇𝑥 (9) 

𝑦 = 𝐵𝑦 ∗  𝑏𝑙𝑜𝑐𝑘𝐷𝑖𝑚. 𝑦 +  𝑇𝑦 (10) 
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 Where Bx and By are 𝑏𝑙𝑜𝑐𝑘𝐼𝑑𝑥. 𝑥 and 𝑏𝑙𝑜𝑐𝑘𝐼𝑑𝑥. 𝑦, respectively. Tx and Ty are 

𝑡ℎ𝑟𝑒𝑎𝑑𝐼𝑑𝑥. 𝑥 and 𝑡ℎ𝑟𝑒𝑎𝑑𝐼𝑑𝑥. 𝑦, respectively. 𝑏𝑙𝑜𝑐𝑘𝐷𝑖𝑚. 𝑥 and 𝑏𝑙𝑜𝑐𝑘𝐷𝑖𝑚. 𝑦 are the user-

defined blocks dimension, which is 30 and 18 in our case. 

For example, the thread index (21, 15) in the Block index (5,4) will calculate the phase at (171, 

87) pixel, meaning this thread executes ∅ (171, 87, ∆𝑥, ∆y) and is equal to: 

(
2𝜋

𝜆𝑓
(171∆𝑥 + 87∆𝑦))  𝑚𝑜𝑑 2𝜋 (11) 

 All the threads execute the kernel function ∅ (x, y, ∆𝑥, ∆y) based on their block ID and 

thread ID in parallel, the corresponding CGH will be generated. The same process is also applied 

to multi-beam steering CGH calculation. 

 We know how CUDA processes CGH and how parallel computing works. Next, I will 

explain CGH CUDA-OpenGL interoperability for beam steering application in detailed using the 

code. 

 

Figure 7: Implementation of beam steering equations with CUDA. 



34 

 

void initGLUT(int* argc, char** argv) { 

 

 glutInit(argc, argv); 

 glutInitDisplayMode(GLUT_RGBA | GLUT_DOUBLE); 

 glutGameModeString("1920x1080:32@144"); 

 glutEnterGameMode(); 

 isGLVersionSupported(2, 0); 

 SDK_CHECK_ERROR_GL(); 

} 
 

 First, initialize the GLUT library and setup the specifications for the graphics window. 

Including set the display mode GLUT_RGBA (display RGB image), the buffering 

GLUT_DOUBLE (with graphics, double buffering can show one image or frame while a 

separate frame is being buffered to be shown next), displaying frames resolution of 1920x1080 

with bit depth of 32 bits, max frame rate of 144Hz. Then enter the full screen mode. Check the 

supported mode first otherwise error will pop up if the laptop doesn’t support the display mode 

setting. 

const unsigned int mesh_width = 1920; 

const unsigned int mesh_height = 1080; 

struct cudaGraphicsResource* cuda_pbo_resource; 

GLuint pbo; 

 

void initPBO(int* argc, char** argv) { 

 

 glGenBuffers(1, &pbo); 

 glBindBuffer(GL_PIXEL_UNPACK_BUFFER, pbo); 

 glBufferData(GL_PIXEL_UNPACK_BUFFER, mesh_width * 

mesh_height * 4, 0, GL_DYNAMIC_DRAW); 

 cudaGraphicsGLRegisterBuffer(&cuda_pbo_resource, pbo, 

cudaGraphicsMapFlagsWriteDiscard); 

} 
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Next, we declare two global variables that will  store handles to the data we intend to 

share between OpenGL and CUDA, cuda_pbo_resource will be OpenGL’s buffer name and pbo 

will be CUDA’s buffer name. Then we initialize the pixel buffer object with the following three 

steps: First, we generate a buffer handle with glGenBuffers(). Then, bind the handle to a pixel 

buffer with glBindBuffer(). Finally, request the OpenGL driver to allocate a buffer with 

glBufferData(). In this case, we request the buffer to hold 1080x1920 32-bits values and use the 

enumerator GL_DYNAMIC_DRAW to indicate that the buffer will be modified repeatedly by 

the application. We pass 0 for the third argument of glBufferData() since we have no data to be 

preloaded. Last, the most important action is registering the OpenGL pixel buffer with CUDA 

using cudaGraphicsGLRegisterBuffer(). This enables the “mapping” and “unmapping” 

operations that switch the control of the buffer memory to CUDA and OpenGL, see Figure 6. 

And the enumerator cudaGraphicsMapFlagsWriteDiscard ask CUDA only write to and will not 

read from this resource. 

#define COLS  960 

#define ROWS  540 

float* d_c; 

cudaMalloc(&d_c, COLS * ROWS * sizeof(float)); 

glutTimerFunc(REFRESH_DELAY, timerEvent, 0); 

glutDisplayFunc(display); 

glutCloseFunc(cleanup); 

glutMainLoop(); 
 

Then we allocate the memory in GPU that stores the 540x960 hologram phase array with 

the float type using cudaMalloc(). Notice that this phase hologram is not the 2D array we want to 

display on the screen, we need to convert each phase value into a 2x2 array (memory cell) which 

controls the piston of a micro mirror. Meaning that the final image size we want to display will 

be 1080x1920 pixels, which is identical to the graphic window specification we set in the first 
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step. glutTimerFunc(), glutDisplayFunc(), glutCloseFunc() are friendly-named callback 

functions, we register them with timerEvent, display, and cleanup function, respectively. 

glutMainLoop() on the last line, once called, this routine will never return. It will call as 

necessary any callbacks that have been registered. Let’s look into each callback function. 

void timerEvent(int value) { 

 

 if (glutGetWindow()) 

 { 

  glutPostRedisplay(); 

  glutTimerFunc(REFRESH_DELAY, timerEvent, 0); 

 } 

} 
 

timerEvent() controls the delay (REFRESH_DELAY) of the display in milliseconds, and 

it will keep executing until the program ends. We typically set the delay to a very small value if 

we want to obtain the maximum frame rate, like 0.5ms. Furthermore, if the display mode doesn’t 

support certain frame rate, for instance, 81 FPS, we can manually set the delay time to meet the 

requirement as long as it doesn’t exceed the maximum performance. glutPostRedisplay() 

essentially sets a flag so that on the next iteration of the glutMainLoop(), the registered display() 

function is called to change the frame. If glutPostRedisplay() is missing, the screen will look like 

it is stuck, an image will be displayed forever without changing. 

void display() { 

 

 runCuda(); 

 glDrawPixels(mesh_width, mesh_height, GL_RGBA, 

GL_UNSIGNED_BYTE, 0); 

 glutSwapBuffers(); 

} 
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 display() function first calls runCuda() function, which map the shared resource for 

access by CUDA with cudaGraphicsMapResources(), then get the device pointer (*dptr) through 

which to access a mapped graphics resource with cudaGraphicsResourceGetMappedPointer() so 

that it can serve as the output device array. Then launch the kernel, gratingGenerator_x(), 

gratingGenerator_y(), and gratingGenerator_z() to calculate the CGH (will be explained later). 

Next, unmap the shared resource with cudaGraphicsUnmapResources(). This step is vital to call 

before performing rendering task since it provides synchronization guarantee that every CUDA 

threads will complete their calculation before the next work begins. Also, once unmap, the 

resource may not be access until they are mapped again. 

const dim3 threadsPerBlock(32, 30); 

const dim3 numBlocks(30, 18); 

uchar4* dptr; 

 

void runCuda() { 

 

 cudaGraphicsMapResources(1, &cuda_pbo_resource, 0); 

 

 cudaGraphicsResourceGetMappedPointer((void**)&dptr, 

NULL, cuda_pbo_resource); 

 

 gratingGenerator_x << < numBlocks, threadsPerBlock >> 

> (d_c, dptr, period_x0, period_y0); 

 gratingGenerator_y << < numBlocks, threadsPerBlock >> 

> (d_c, dptr, period_x1, period_y1); 

 gratingGenerator_z << < numBlocks, threadsPerBlock >> 

> (d_c, dptr, period_x2, period_y2); 

 

 cudaGraphicsUnmapResources(1, &cuda_pbo_resource, 0); 

 

} 
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 Back to the display() function. glDrawPixels() function writes pixels to the frame buffer. 

First two arguments specify the dimensions of the pixel rectangle to be written into the frame 

buffer, third and fourth arguments set the format and the type of the pixel data. Last argument 

specifies a pointer to the pixel data. Since the data is already on the GPU and have been bound 

with shared data, the last parameter becomes an offset of the buffer, and because we want to 

render the entire buffer, 0 offset is set for our application. Last, glutSwapBuffers() function 

swaps the buffers of the current window. Let’s go back to see the kernel function, 

gratingGenerator_x(), gratingGenerator_y(), gratingGenerator_z().  

At the first three line in gratingGenerator_x(), we specified the pixel position by block 

ID and thread ID (Described in Section 1.5.2). Then calculate the phase value if the pixel 

position is within the image boundary. Notice that the variable periodx and periody are already 

including the wavelength and focal length (See Equation 4). Each phase value in 540x960 

hologram will be converted to an 2x2 array composed of 0s and 255s, 16 different combinations 

in total, to control the 16 different pistons of the micro mirror for each pixel. Last, an 1080x1920 

image composed of 0s and 255s will be stored in output.x, which is our case represent the “R” 

layer. Same process is written in gratingGenerator_y and gratingGenerator_z but replace 

output.x with output.y and output.z, which handles “G” and “B” layer, respectively. After 

finishing executing kernel functions, gratingGenerator_x(), gratingGenerator_y(), and 

gratingGenerator_z(), the output image data, *dptr, would be a 1080x1920 32-bits RGB image. 

We have four channels for a single frame, each channel contributes 8-bit because it contains 0 

and 255, so 32-bits is obtained. However, we only need three channels, but four channels is 

forced to use due to the laptop supported display mode, as a results, we let the last channel 



39 

 

remains 0. That means the frame rate is possible to be improved further by using the proper 

hardware. 
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__global__ void gratingGenerator_x(float* n, uchar4* 

output, float periodx, float periody) { 

 

 int ix = blockIdx.x * blockDim.x + threadIdx.x; 

 int iy = blockIdx.y * blockDim.y + threadIdx.y; 

 int idx = iy * COLS + ix; 

 

 if (ix < COLS && iy < ROWS) { 

 

  n[idx] = fmodf(((PI * 2) * (1 / periodx * (ix + 1) 

+ 1 / periody * (iy + 1))), PI * 2) * 100 / (2 * PI); 

 

 

  if (n[idx] < 0) { 

   n[idx] += 100; 

  } 

 

  if (n[idx] <= 0.49) { 

   output[(2 * ix) + (2 * abs(iy - ROWS + 1) * 

(COLS * 2) + (COLS * 2))].x = 0; 

   output[(2 * ix) + (2 * abs(iy - ROWS + 1) * 

(COLS * 2) + (COLS * 2)) + 1].x = 0; 

   output[(2 * ix) + (2 * abs(iy - ROWS + 1) * 

(COLS * 2))].x = 255; 

   output[(2 * ix) + (2 * abs(iy - ROWS + 1) * 

(COLS * 2)) + 1].x = 255; 

  } 

 

  else if (n[idx] <= 1.78) { 

   output[(2 * ix) + (2 * abs(iy - ROWS + 1) * 

(COLS * 2) + (COLS * 2))].x = 0; 

   output[(2 * ix) + (2 * abs(iy - ROWS + 1) * 

(COLS * 2) + (COLS * 2)) + 1].x = 0; 

   output[(2 * ix) + (2 * abs(iy - ROWS + 1) * 

(COLS * 2))].x = 0; 

  }… 

} 
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When closing the program, cleanup() performs the final clean up by unregister the 

resource and deleting the OpenGL pixel buffer object as follows. 

void cleanup() { 

 sdkDeleteTimer(&timer); 

 

 if (pbo) 

 { 

  deletePBO(&pbo, cuda_pbo_resource); 

 } 

} 
 

 

 From the above process of CUDA-OpenGL interoperability, we cannot find any mention 

of host output array because both computation (CUDA) and display (OpenGL) are handled from 

the device (GPU), there’s no need to transfer data between host (CPU) and device (GPU). Such 

data transfer could be very time-consuming and will decrease the frame rate so we should avoid 

it as much as possible. Next section, I will perform the frame rate test based on CUDA-OpenGL 

interoperability with the kernel function of Equation 4 and Equation 6 on the laptop off-the-shelf 

(Table 1). 

 

1.6.2. Benchmarking 

In this section, we perform the frame rate test for both GPU and CPU-based CGH blazed 

grating phase calculation and rendering on the laptop (Table 1). We calculate how much time is 

spent to process 4800 frames, the grating period of each CGH in each frame is randomly 

generated in real time in order to imitate the realistic situation as far as possible. First, the speed 

of monochromatic mode and RGB mode for single beam steering are tested (PLM is not 
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connected at this moment). Monochromatic mode shows the gray scale image (values of 0 or 

255) on the screen, only one blazed grating CGH is encoded in a frame; RGB mode shows the 

32-bits RGB image on the screen, three blazed grating CGHs that are stacked together as “R”, 

“G”, and “B” channel are encoded in a frame. The results are shown in Table 2. 

 

Table 2: Frame rate test for Monochromatic mode and RGB mode with CPU and 

GPU for single point beam steering. 

Single Beam 
Steering 

Monochromatic mode RGB mode 

CPU 67 FPS (67 pts/s) 16 FPS (48 pts/s) 

GPU 232 FPS (232 pts/s) 125 FPS (375 pts/s) 

Speed up ~3.5X ~7.8X 

 

As Table 2 shows, the blazed grating CGH calculation time without PLM connected 

could potentially (The actual beam steering speed will be discussed later) steer 375 points/second 

by using GPU with RGB mode, which speed up 7.8 times faster than CPU. For the 

monochromatic mode, the CGH calculation and render time speed up 3.5 times by using GPU 

computation. In addition, GPU-RGB mode has lower frame rate than GPU-Monochromatic 

mode since three times of the memory size is processing and rendering for a frame in RGB 

mode. But the beam steering efficiency is about 1.6 times better than GPU-Monochromatic 

mode.  

Multi beam steering speed test with 2 to 7 beams is performed on the laptop without PLM 

connected for CPU and GPU, monochromatic mode and RGB mode. Meaning a hologram can 

steer 2 to 7 beams at once. Each blazed grating phase CGH is also generated with the random 

periods and random assigned ratio 𝐴𝑘, see Equation 6. We test the total time spent to display 
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4800 frames, which is long enough to ignore the low speed at the beginning of the program 

starts. The results are shown in Table 3 and Table 4, single beam steering also included to 

compare with the multi beam steering speed test. 

 

Table 3 Multi-beam steering Mono mode speed test results (include single beam 

steering). 

 

Table 4 Multi-beam steering RGB mode speed test results (include single beam 

steering) 

Mono GPU CPU 
Speedup factor 

Beam # FPS # pts / s FPS # pts / s 

1 232 232 67 67 6.8X 

2 198 396 29 58 8.0X 

3 184 552 23 69 8.7X 

4 173 692 20 80 9.5X 

5 161 805 17 85 10.6X 

6 149 894 14 84 10.8X 

7 140 980 13 91 6.8X 

RGB GPU CPU 
Speedup factor 

Beam # FPS # pts / s FPS # pts / s 

1 125 375 16 48 10.4X 

2 94 564 9 54 12.1X 

3 85 765 7 63 12.8X 

4 77 924 6 72 14.2X 

5 71 1065 5 75 13.0X 

6 65 1170 5 90 15.0X 

7 60 1260 4 84 10.4X 
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The speed drops at 2-beam steering compared with single beam steering due to the 

additional tan−1  function in multi beam steering equation. Among 2 to 7 beam steering, the 

speed test shows that as the beam number increases, the laptop frame rate is decreased while the 

number of beams could be steered per second increases. For example, 4-beam steering GPU-

RGB mode achieves 77 FPS, meaning that a single CGH could steer 4 beams, 77 frames are 

rendered per second, a frame contains 3 CGHs with RGB mode, thus, the beam steering speed 

would be  4 × 77 × 3, which achieves 924 beams/second.  

   

   

   

   

    

    

    

              

   

   

   

   

   

   

   

              

 

   

   

   

   

    

    

    

        

  
 

         

       

       

        

        

   

  
  

        

  
      

   

   
   

   
   

   
   

  

            

 

  

   

   

   

   

        

  
 

         

       

       

        

        

Figure 8: Multi-beam steering. Laptop frame rate (up) and number of 

beams/second could be steered (down) with different beam number. 
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 After completing speed test only with the laptop, next, we are going to connect the PLM 

and do the real experiment for beam steering. In the following content of beam steering 

experiment, GPU-RGB mode is used since we have already proven that such CGH phase 

calculation and rendering is highly beneficial from CUDA-OpenGL GPU computation, and RGB 

mode with GPU even bring the beam steering efficiency to a higher level. 
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2. CHAPTER 2: EXPERIMENT 

2.1. Experiment setup 

2.1.1. Phase Light Modulator (PLM) 

The 0.47 inch TI-PLM MEMS-based reflective phase light modulator is used for the 

experiment. It has 960x540 pixels array of micromirrors with pixel period of 10.8um. See Figure 

9. Each pixel has 4 memory cells which control the physically piston depth, resulting in 16 non-

uniformly distributed piston level in total for each pixel. The maximum phase modulation depth 

of the current generation of PLM is 2πat 633nm. See Figure 10. Notice that TI-PLM supports 

the maximum data transfer rate from laptop via HDMI of 60Hz in both RGB and monochromatic 

mode, For monochromatic mode, TI-PLM will display CGHs in the speed of 60Hz or 60FPS; As 

for RGB mode, TI-PLM will decode the RGB image and separately display R, G and B image in 

the speed of 180Hz or 180FPS. Do not be confused with the laptop FPS in the previous sections. 

We use laptop FPS before TI-PLM is connected and use PLM FPS after PLM is connected to 

laptop. 

Figure 9: (a) TI-PLM under microscope. (b) Phase profile of the uniform linear 

phase (orange) and PLM realistic phase (blue) modulation (%) at 16 piston steps 

for 633nm. 
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2.1.2. Experiment setup 

The beam steering experiments include single beam raster scanning, multi-beam variable 

beam ratio raster scanning, camera-based adaptive single beam tracking, and camera-based 

adaptive multi-beam variable beam ratio beam tracking. Figure 10 schematically shows the 

optical setup for PLM beam steering. A 532nm CW laser with a Gaussian beam profile is 

expanded by beam expander. The expanded beam will then incident to a 0.47-inch TI-PLM, 

which supports the video stream via HDMI at 60 FPS (monochromatic and RGB that sustains 

frame rate of 60 and 180 Hz respectively). The frame rate of TI-PLM can be regarded as beam 

steering rate (beams/second). The wave reflected by PLM will be focused on the focal plane 

through a positive lens with focal length of 300mm. By sending different kinds of blazed grating 

phase hologram to PLM, the focus spot shifts relatively to the zero order on the image plane 

could be observed. As for camera-based adaptive single beam tracking as well as camera-based 

adaptive multi-beam variable beam ratio beam tracking, the optical setup remains the same but 

with the USB camera connected to the laptop. 

Figure 10: The experiment setup for PLM beam steering and 

camera-based adaptive beam tracking. 
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2.2. Raster scanning  

2.2.1. Single beam steering 

We have already tested the laptop frame rate for processing the CGH in Section 1.6. Now, 

the laptop is connected with TI-PLM via HDMI, it serves as a secondary screen and will display 

the same content as the laptop screen shows. We are going to test the actual beam steering speed 

for single beam by raster scanning through 961 (31x31) points on the image plane (Figure 12) 

with CPU and GPU in RGB mode, and those CGHs are calculated and rendered on-the-fly 

instead of playing the pre-loaded video. The raster scanning speed results are shown in Table 4. 

Table 5: Beam steering performance with TI-PLM connected with laptop via HDMI 

Performance (PLM frame rate) 

GPU 180 FPS 

 

Table 4 indicates the speed performance of using GPU for beam steering with PLM 

connected. By using the proposed CUDA-OpenGL framework, we can achieve 180 FPS or 180 

Figure 11: Laser raster scan on the image 

plane. From left to right, from up to down, 

31x31 scanning points in total. 
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beams/second. Since the current generation of TI-PLM only supports up to 180 FPS (60Hz data 

transfer rate via HDMI), even if the laptop can display CGH at the rate of 125 FPS , or 375 

CGHs/second using RGB mode, only 60 frames could be transfer to TI-PLM per second, results 

in the TI-PLM frame rate of 180 FPS, or 180 CGHs/second, or 180 beams/second. Meaning we 

have achieved the TI-PLM hardware limitation for single beam steering. 

 

2.2.2. Multi-beam steering 

The multi-beam raster scanning also scans through 961 points on the image plane with 

randomly assigning the weight factors 𝐴𝑘 for each beam. The speed performance results 

including single and multi-beam steering are listed in Table 5.  

Table 6: Multi/single beam steering speed performance with PLM connected 

Beam # PLM FPS # pts / s 

1 180 180 

2 180 360 

3 180 540 

4 180 720 

5 180 900 

6 174 1044 

7 159 1113 
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From 1-beam steering to 5-beam steering, the PLM frame rates are all 180 FPS, which is 

the upper limit of the current generation of PLM. After 5 beam steering, the frame rates are no 

longer approach 180 FPS while the total beam steering efficiency is still increasing. Figure 12 

shows the frame rate of TI-PLM and beam steering speed with different number of beam steering 

from 1 to 7. 

 

Figure 12: TI-PLM frame rate (up) and beam steering 

efficiency (down) with 1 to 7 beam steering. 
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2.3. Camera-based adaptive beam tracking 

2.3.1. Single beam tracking 

For the adaptive single beam tracking, USB camera captures the scene and input to the 

deep learning model, YOLOv4-tiny [50], for object detection and recognition. The detected 

objects will be framed in a rectangle region of interest with its label along once it is detected by 

the model, then the coordinate of the rectangle will be assigned to CGH calculation which is 

mentioned in the previous section, the corresponding CGH will then be calculated by CUDA and 

rendered by OpenGL, the rectangular area will be scanned through in real time at the maximum 

speed of current generation of Texas Instrument PLM, which is 180 FPS, 180 points/second. The 

workflow of the adaptive beam tracking is shown in Figure 13. 

   

 

Figure 13: Adaptive beam tracking workflow. 
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 For the demonstration purpose, a move of pedestrian crossing across the street was 

displayed on an LCD monitor and is captured by USB camera, and the beam follows and keep 

scanning through the man as he is crossing across the street. The demonstration is shown in 

Figure 14. We captured the beam scanning pattern on the image plane with 4 seconds of 

exposure time, which is the time he spends to cross the street. The beam scanning patterns are 

getting larger and move towards the left since the pedestrian are walking towards to camera, the 

larger scanning area is expected. 

 

2.3.2. Multi-beam adaptive beam ratio beam tracking 

For multipoint beam steering with adaptive beam tracking and variable beam ratio, USB 

camera captures the scenes that are served as the input of the YOLOv4-tiny, an object detection 

deep learning pretrained model to recognize the object. The similar workflow (Figure 13) is 

applied to multi-beam case with and additional degree of freedom, which is beam weights 𝐴𝑘. In 

order to show the ability of  dynamic power control of beams, we set the beam weights to be 

inversely proportional to the detected object square size:  

Figure 14: Demonstration of adaptive single beam tracking 
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𝐴𝑘 =  
1

√𝐻 × 𝑊𝑘

(12) 

where H and W are the height and the width in pixels of the detected square k. 𝐴𝑘 increases 

when the detected object is small; 𝐴𝑘 decreases if the detected object is getting larger. The purpose 

of this setting is due to the assumption that we have multiple objects with the same size, based on 

the lidar radiometric equation, the beam intensity ratio was modulated as inverse of the ratio of 

extent of each ROIs, so that returning signal levels from each of the ROIs are equalized. 

For the demonstration, USB camera captures two miniature toy cars which are moved back 

and forth intentionally, one goes far away from the camera, the other goes closer to the camera. 

Since these two cars have the same size, the ratio of distance of the cars is roughly estimated by 

taking a ratio of extent of ROIs for each of the cars. Under such case, Equation 12 is feasible to 

apply, so we can observe that the distant (smaller) car is steered with higher energy beam; Closer 

(larger) car is steered with lower energy beam in Figure 15.  

Figure 15: Adaptive multi-beam variable beam ratio beam tracking demonstration. 

Extract a frame from the recorded video. 
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2.4. Calibration of power ratio for multi-beam steering 

2.4.1. Power ratio experiment 

As Figure 15 shows, multiple regions of interests are simultaneously scanned while 

adaptively varying the beam intensity among them. The tunning of the beam intensity is 

achieved by adjusting the assign weight factor 𝐴𝑘 for each region of interest k. A𝑘 is defined as 

an amplitude of fields for k-th region of interest. However, since TI-PLM is a phase only spatial 

light modulator, this is not the case while encoding amplitude and phase represented by Equation 

5 as a phase only CGH by following the process described in Equation 6. Also, TI-PLM is a 

pixelated phase light modulator having finite (16) phase levels between 0 and 2π with pixel 

period of 10.8um. The discretized nature in representing spatial phase pattern effects on beam 

ratio via variation of diffraction efficiency as a function of beam steering angles, or effective 

grating periodicity of the CGH. To adjust the beam power distribution among multiple regions of 

interests, we experimentally evaluated diffraction efficiency (DE) of TI-PLM for specific 

diffraction angle at wavelength λ = 532nm and the image plane was placed at the back focal 

length of the f=300mm lens (See Figure 10).  

Five diffraction angles at 1st order are chosen for the experiment, see Figure 16. The x-

axis is the diffraction angle θ𝑥 in x-direction normalized by wavelength λ and pixel pitch d of 

PLM, which is also represented as the inverse of the x-direction grating period Λ𝑥 in the unit of 

1/pixel. Similar for y-axis. The beam index k=0 to 4 spans corresponds to 
1

Λ𝑥
 of 0 to 0.41 

(1/pixels) with the same  
1

Λ𝑦
  of 0.125 (1/pixels). Their diffractive angles for x-direction are 0, 

0.286, 0.573, 0.859, and 1.2 degree respectively, and with the same diffractive angles of 0.353 

degree for y-direction. To evaluate the power distribution of multi-beam steering, we steer beam 
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to two angles among the five at once, thus, 10 combinations are evaluated in beam ratio 

experiment. We want to correlate the ratio of the weighting factor A𝑖,𝑗 = A𝑖/A𝑗 to the measured 

power ratio P𝑖,𝑗 = P𝑖/P𝑗.  

 

Figure 17 plots the diffraction efficiency at the five diffraction angles, which diffraction 

efficiency is defined as the ratio of beam power steered to the assigned diffraction angle to the 

     

Figure 17: Five diffraction angle (Normalized by wavelength λ and 

pixel pitch d) on 1st order for power ratio experiment. 

Figure 16: Single beam steering diffraction efficiency measurement at the 

chosen five diffraction angle 
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power incident on the PLM. As report by Deng et. Al., the diffraction efficiency decreases as the 

diffraction angle increase. By measuring the single beam steering diffraction efficiency at those 5 

diffraction angles, we can evaluate the energy loss from multi-beam steering. 

 Next, we set the assign beam ratio 𝐴𝑖,𝑗 from 0.2 to 3 and measure the actual power ratio 

𝑃𝑖,𝑗. The results are shown in Figure 18. The power ratio 𝑃𝑖,𝑗 and the assigned weight 𝐴𝑖,𝑗 are 

well correlated and is also diffraction angle dependent. As Figure 17 shows, the larger diffraction 

angle produces the lower diffraction efficiency. Consequently, the measured power ratio will not 

be 1 when steering beam to two positions with the assigned weight ratio of 1. Instead, the power 

ratio will be affected by the ratio of their single beam steering diffraction efficiencies. For 

instance, When 𝐴0,1 = 1, the measured power ratio 𝑃0,1 = 1.02 is very close to the ratio single 

beam steering diffraction efficiencies at angle 0 and angle 1, which is  
42.91

42.41
 . Furthermore, such 

affect is more obvious at the larger assigned weight ratio. For example, A𝑖,𝑗 = 3, larger 

diffraction angle differences of the two beams has larger measured power ratio, thus, we 

observed P0,4 >  P0,3 >  P0,2 >  P0,1. On the other hand, Figure 19 plots the total diffraction 

Figure 18: Measured power ratio 𝑃𝑖,𝑗 as the function of assigned weight ratio  𝐴𝑖,𝑗 

for ten combinations of 2-beam steering. 
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efficiency (
P𝑖+P𝑗

P𝑖𝑛
) as a function of assigned weight ratio A𝑖,𝑗, which indicates that there’s no 

significant energy loss is observed for multi-beam steering compare with single beam steering. 

 

 

2.4.2. Power ratio simulation 

The ability to control and predict the power ratio of beams is very critical for adaptive 

beam ratio beam tracking which the beam ratio dynamically varies. To do so, we perform the 

simulation based on Fast Fourier Transform (FFT). Figure 20 shows the simulation process. The 

continuous phase of each pixel is obtained using Equation 6, then rescale from 0 to 100, which 

corresponds to the piston displacement (%) with respect to 633nm, then discretize the phase into 

16 piston levels and multiplying 633nm, the optical path different (OPD) just reflected by the 

PLM is obtained (Double path is already considered). The field on the image plane is calculated 

Figure 19: Total diffraction efficiency (
P𝑖+P𝑗

P𝑖𝑛
) as the function of assigned weight 

ratio A𝑖,𝑗 for ten combinations of 2-beam steering. 
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by the Fast Fourier Transform of  𝑒𝑗
2𝜋

𝜆
𝑂𝑃𝐷

, and the intensity distribution is the field multiplied by 

its complex conjugate. Last, we can estimate the power by integrating the intensities within the 

region of interest. The simulation intensity distribution results are shown in Figure 21. 
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Figure 20:  Simulation process of power 

ratio estimation. 

Figure 21: Simulation results with log scale (right) compare with the 

experimental images (left). Beam steering to position 1 and 4 with the 

assigned weight ratio of 1 (up) and beam steering to position 3 and 4 with 

the assigned ratio of 0.6 (down). 
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After obtaining the intensity distribution on the image plane, we calculate the power ratio 

by integrating the region of interests for all the case (P01, P02, P03…, P34) at the assigned ratio 

from 0.2 to 3, the results shown in Figure 22 indicate that larger diffraction angle differences of 

two beam causes the larger power ratio. For instance, A𝑖,𝑗 = 3 has P04 > P03 > P02 > P01, and 

P14 > P13 > P12. The experiment and simulation results are also separately compared case by 

case in Figure 23. The simulation matches the experiment power ratio very well, this gives us 

more ability to control the beam power precisely. 

 

 

Figure 20: Simulation of the power ratio (𝑃𝑖,𝑗 ) as the 

function of assigned weight ratio (𝐴𝑖,𝑗) 
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Figure 21: Simulation and experiment power ratio 𝑃𝑖,𝑗 results case by case (P01 to 

P34) as the function of 𝐴𝑖,𝑗 from 0.2 to 3. 
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2.5. Extension of Beam Tracking System with DMD and PLM 

Beyond adaptive TI-PLM beam steering, we also interface the DMD with USB camera and 

Arduino to build a DMD-gaze tracking which the goal is to use the DMD as the beam steering 

component, deliver the beam or image to the diffraction order where the eye is looking at. In 

order to do so, we first build an eye tracking program with OpenCV and connect the Arduino to 

output the voltage to 8 different LEDs, each LED connects different output channel. We separate 

the eye region into eight portions, the corresponding LED will be lit based on the eye center 

location detected by program. The demonstration is shown in Figure 24. 

Figure 22: Gaze-LED demonstration. Different eye region activates different 

channel, the corresponding LED is lit.  
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 The eye tracking program doesn’t utilize any fancy algorithm or deep learning model, it 

mainly composes of the functions from OpenCV package, including Gaussian blur (image 

smoothing), binary thresholding segmentation and contour finder (find the pupil region). 

The purpose of eye tracking program here is to demonstrate the strategy of interfacing DMD 

with USB camera and Arduino in order to show the capability of adaptive DMD-based beam 

(image) steering. 

 Next, we remove the LED and reduce the Arduino output to 3 channels (3 bits is enough 

to distinguish the diffraction orders of DMD, about 10), and another Arduino is connected to the 

system and adaptively send the corresponding delay to pulsed laser based on the received signal 

from the first Arduino, then DMD will steer beam to the assigned diffraction order (see detailed 

explanation for DMD diffractive beam steering at [51]), DMD-gaze beam/image steering is 

achieved. The system schematic diagram and experiment result are shown in Figure 25 and 

DMD-gaze beam steering demonstration is shown in Figure 26. DMD-gaze image steering 

demonstration is shown in Figure 27.  

Figure 23: DMD-gazed beam (image) steering 

schematic diagram 
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Figure 24: DMD-gaze beam tracking demonstration. 
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Figure 25: Image steering demonstration. Different image is steered to 

different diffraction order. 
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3. CHAPTER 3: CONCLUSIONS 

3.1. Future work 

We have demonstrated the GPU-based TI-PLM single beam steering and multi-beam 

steering (number of beams < 6) with the speed of 180 FPS, which achieves the upper limitation 

of the current generation of TI-PLM. If the beam steering speed needs to be faster, three aspects 

can be considered to improve the beam steering speed.  

First, since the GPU we used throughout the experiments, GTX 1650-ti, is just an entry-

level and mid-range gaming laptop GPU, it is obvious that using the high-level GPU instead will 

increase the beam steering speed significantly. For example, RTX 3080, which has faster GPU 

clock speed (90MHz faster than GTX 1650-ti), higher floating-point performance (26.73 

TFLOPS higher), higher texture rate (370.06 GTexels/s higher), higher effective memory clock 

speed (7000MHz higher), higher memory bandwidth (568 GB/s more), 2.5x more VRAM, and 

192bit wider memory bus width, can perform at least 4x faster than GTX 1650-ti as long as the 

beam steering system has infinite FPS. 

The current generation of TI-PLM only supports up to 180 FPS, so either increase the 

supported frame rate or encode more CGH inside a single frame will raise the beam steering 

efficiency. The current HDMI 2.1 could handle up to 240 Hz when using 1080p (1080x1920) 

resolution, if the TI-PLM could also accommodate this frame rate, the beam steering speed will 

increase a lot for sure. On the other hand, current generation 0.47 TI-PLM supports 24-bits RGB 

mode, three 8-bits CGH stack together to form a colored CGH, resulting in the maximum speed 

of 180 pts/second. The other version, 0.67 TI-PLM, also supports 24-bit RGB mode, but is able 

to stack 24 CGHs together to form a frame with 60 FPS, meaning 1440 (24*60) CGHs could be 

displayed per second, which will dramatically increase the beam steering speed theoretically. 
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 Besides of beam steering speed, the beam quality is also critical. Sidelobe effects will 

decrease the beam quality and lead to the energy loss, which also presented in the beam steering 

experiments. With the simulation presented in section 2.4.2, since the simulation results of 

intensity distribution on the image plane are matched with the experiments, it is possible to apply 

machine learning, deep learning, or Genetic algorithm to optimize the beam profile and suppress 

the sidelobe effects. Genetic algorithm [52] for example, the ideal beam distribution is known, 

cost function can be the MSE (Mean square error) between ideal intensity distribution and the 

simulated intensity distribution, with the mechanisms of crossover, mutation, selection after 

generation and generation, it is possible to find out the optimum surface map of PLM which 

improves the diffraction beam distribution and suppress the sidelobe effect on the image plane. 
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3.2. Summary of this dissertation 

This dissertation has presented GPU-based TI-PLM fast beam steering, single and 

multiple adaptive beam tracking, and power ratio evaluation. We explained the physical principle 

and described the math of single beam and multi-beam steering, then we addressed how GPU 

can benefit CGH beam steering by CUDA-OpenGL. We test the speed of our proposed GPU-

based approach on the laptop, 232 FPS for monochromatic mode and 125 FPS for RGB mode 

are obtained. For GPU-RGB mode, the speed result shows 7.8 times faster than CPU-RGB mode 

and performs 1.6 times faster than GPU-monochromatic mode. Moreover, RGB mode is 

expected to be further accelerated by installing the higher performance GPU. After testing the 

software, we connected TI-PLM with our laptop via HDMI and did the raster scanning 

experiment with TI-PLM. The result shows that we achieve the limitation of current generation 

of PLM, which is 180 FPS, steering 180 points per second, the speed can be maintained even we 

deploy YOLOv4-tiny deep learning model to do real-time dynamic beam steering. Last, In order 

to realize even more efficient beam steering, 2, 3, 4, 5, 6, and 7-beam generation approach is 

demonstrated using the same GPU-based structure with RGB and Monochromatic mode. 

Without connecting with PLM, GPU-RGB mode perform 94, 85, 77, 71, 65, and 60 FPS, 

respectively, and 180, 180, 180, 180, 174, and 159 FPS. With PLM connected via HDMI, it is 

able to steer 360, 540, 720, 900, 1044, and 1113 beams per second. Last, the power ratio 

simulation matches with the measurement, which gives us more ability to control the power 

distribution. 
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5. APPENDICES 

5.1. Reprint: Real time CGH generation by CUDA-OpenGL interoperability for adaptive 

beam steering with MEMS phase SLM 

Author Accepted Manuscript (15 pages) 

C.-I. Tang, X. Deng, and Y. Takashima, Real time CGH generation by CUDA-OpenGL 

interoperability for adaptive beam steering with MEMS phase SLM. To be submitted to 
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5.2. Code 

GitHub repo: https://github.com/tangchini?tab=repositories  

https://github.com/tangchini?tab=repositories

