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Statement of the problem studied 
 

Given an application that requires excessive computation time,  

 Develop tools and techniques to automate portion of the RC application development 
process: Develop tools that will automate significant portions of the application development 
process for the RC systems. 

 Reduce the application development time: RC systems require more application 
development time than general-purpose processors. Our goal is to reduce application 
development time significantly.  

 Increase the performance of the application: It is well proven that applications can be 
speeded up when they are mapped to RC systems. Our goal is an order of magnitude speed 
up when the applications are mapped to RC system.  

 Open RC systems to the people who are not knowledgeable in RC system design: Developing 
an RC application requires designers who are knowledgeable in the areas of hardware and 
software system design. Our goal is to develop a system where users with little or no 
hardware knowledge can be able to develop RC applications using tools and techniques 
developed as a part of this research. 

 Develop a system where users gain access to an RC system from a remote site: Our goal is 
to develop tools that allow a user to send data from a remote site to an RC system, process 
the data on the RC system, and return results to the user. In some applications, even with the 
delay of the Internet, some applications can run faster using a remote RC system than a local 
system. 

 Engage college and high school students in research and expose them to potential career 
opportunities in the Department of Defense.  Many students are unaware of the potential 
career opportunities at DOD research labs and other military installations.  Our goal is to have 
seminars to promote these opportunities through engaging students in research and 
conducting workshops. 

Summary of the most important results  
The Remote and Reconfigurable Environment (RARE) has been developed and configured for various 
applications.  The primary tool for executing applications from a remote site is what we call the loader.  
It is a system that allows the user to execute applications on the FPGA board from a remote site.  

The loader reads one or more session files which contain all information needed to execute the 
application on an RC system.  The loader first configures the FPGA devices and the FPGA device(s) 
process the given data. After the processing data has been completed, the loader will grab the results 
from FPGA memory and return them to the application.  Figure 1 shows the implementation of the 
loader on an FPGA device.   



 

Figure 1: The Loader 

All major components of the loader have been implemented. The module library, the loader, assembly 
language instruction set for the current modules and the session file format have been developed. In 
this section, these components are briefly introduced. 

Floating-Point Module Library  
In this study, several floating-point modules were developed including: addition, subtraction, 
multiplication, an accumulation module, square root, division, exponential function, the power function, 
and the logarithm function.  All modules have been designed using 32 bit single precision floating point 
arithmetic.  To create different types of modules that are useful for various applications we developed 
several standard components. These component types are floating-point core units, standard controllers 
and standard datapaths. These components are standardized in terms of the number of inputs, the 
number of outputs and module latency in order to facilitate module interconnection for complex 
operations. By combining unique core units with standard controllers and datapaths, several different 
types of applications have been created. Using this approach, the time required to design a new module 
is reduced significantly. When a new core unit is designed, one simply combines the new core with an 
off-the-shelf controller and datapath.  This can be performed automatically using the tool we developed 
called hl2ll.  It stitches together standard VHDL modules to create the complete Application Specific 
Digital Signal Processor shown in Figure 2. 

Session

File1
Session

Filen
Module

Library

New

Application

Executable

Calls to

the Loader

The tool

Loader

FPGA

API

General Purpose Processor

FPGA

Board

RC System



Floating-point

Core

Standard

Datapath

Standard

Controller

Controller

commands

Feedback

signals

Data I/OAddr. Bus

Memory

 

Figure 2: An Application Specific Digital Signal Processor (ASDSP). 

ASDSP Instruction Format and Module Execution 
All ASDSPS are designed to execute a specific machine language instruction. Each module instruction 
corresponds to a single floating-point vector operation. A standard instruction includes three or four 
operands depending on the type of module used. Figure 3 shows the instruction format for each module 
type. For each three-operand module instruction, the first operand is the starting address of the input 
vector, the second is the starting address of the output vector, and the third is the size of the input 
vectors. 

For each four-operand module instruction, the first two operands are the starting addresses of the two 
input vectors, the third operand is the starting address of the output vector and the last operand is the 
size of the vectors.  

 

 

Figure 3: Modules instruction formats. (a) Module instruction for 2 operand vector modules. (b) Module 
instruction format for 3 operand vector module and the multiply-accumulate module. 

All modules were designed for a commercial FPGA board that is readily available in our laboratory.  This 
board includes one FPGA devices or Processing Elements (PEs). The PE can access 5 SRAMS and 1 
SDRAM memory banks. The host computer and the PE can both read/write from/to the local memories. 
The memory space of each module is partitioned into two sections, instruction and data. The 
instructions are stored in the block RAM located on the FPGA device. The other memories on the FPGA 
board are used to store the data to be processed. 
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Once a module configuration has been loaded into a PE and the local memory has been initialized by the 
host computer, the module waits for the StartPE signal to be asserted. When this occurs, the module 
reads the first instruction from the memory location $00000. It then begins executing the instruction. 
When the current instruction has completed, the module reads the next instruction from the instruction 
memory. This process continues until the module reads a HALT instruction ($FFFFFFFF) from the 
instruction memory. When this value is read, the module stops and sends an interrupt signal to the host 
computer. 

Core Units 
The most important component of a module is the floating-point arithmetic core. For each floating-point 
operation, we developed a standard core unit. Each core unit is highly pipelined, has the same control 
inputs, multiple single precision floating point inputs and outputs,  and a latency that is a multiple of 8. 
This was selected so standard delay units of size 8 can be inserted to balance complex cores as required 
in a pipelined unit.  By instantiating each unique core unit into a standard module structure, we created 
a new complex core for each operation.  

Figure 4 shows the block diagram of the standardized core unit. Each core has two 32-bit inputs and 
one, 32-bit output to accommodate single precision FP numbers. For addition, subtraction and 
multiplication, different floating-point core units were developed. There is a standard interface 
definition for the core units to reduce design time. Once a new core unit is designed, it is easy to create 
a new module by just instantiating the new core unit into the standard module structure. 

All core units are divided into a standard number of pipeline stages (8) to improve the maximum clock 
speed that can be applied to the units. We used a standard number of pipeline stages to alleviate the 
need to develop a unique controller within each core. However, the main controller can handle cores 
with arbitrary latencies. While using pipeline units requires additional registers, resulting in an increase 
in FPGA CLB resources, it provides significant benefit in terms of increased clock speed. 

 

Figure 4: Block diagram of the standard core units. 

Core units are designed as self-controlled units to reduce the hardware requirements and to make the 
module controller simpler. Once data is available at both inputs, the core unit starts processing. Results 
are available at the output of the unit 8 clock cycles later. 

This is accomplished with a standard floating–point core I/O interface. Each core has two input signals 
and one output signal for control and core interconnection. Each time that the module controller reads 
a floating-point number from the memory, it asserts either the LEFT_READY or RIGHT_READY signal 
corresponding to the core input that has valid data. When both inputs to the core have valid data and 
both ready signals are asserted, the core begins the floating-point operation. When the core finishes 
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processing the data, it asserts the RESULT_READY signal. The main controller then stores the result in 
memory. 

Use of the standard interface control signals serves two purposes. The main purpose is to reduce 
controller complexity. Hence, a single controller can handle future cores with arbitrary latencies. The 
controller does not send command signals to each stage of the core. Instead, it uses the interface signals 
to signal the core that the input data is ready. It also uses the RESULT_READY signal produced by the 
core to determine when the result is ready. This simplification in the controller saves control states, logic 
gates, and future application development time. The other purpose is to facilitate the addition of 
complex cores into the library.  The use of the standard interface control signals makes it is easy to form 
larger cores by simply linking existing cores together. 

RARE: An End-to-End High Performance Computing Environment for Army Applications 
Radar processing, remote sensing, object detection, autonomous vehicle path planning, and 

predictive simulation constitute a class of army applications. Those future army applications use 

high definition images, videos and context information to provide assistance to soldiers by 

providing lethality protections. Those floating point algorithms are difficult to accelerate on 

general purpose processors or graphic processors with limited power consumption. When 

hardware designers accelerate the algorithm using customized floating-point hardware units on 

FPGAs, it may be time consuming to explore design space due to various parameters such as 

resource utilization, accuracy, power consumption, and performance values. It is critical to 

explore this design space early to ensure that the algorithm can be efficiently mapped onto an 

FPGA. Our research presents a reconfigurable acceleration environment while addressing the 

problem of porting High Performance Computing (HPC) applications directly to Field 

Programmable Gate Array (FPGA)-based architectures. Our methodology presents the 

development of a comprehensive floating point library of essential functions for scientific 

applications; demonstrating the order of magnitude speedup of reconfigurable computing 

applications and the effectiveness of automated design framework for both development and 

test of scientific algorithms.  

 



Fig. 5. End-to-End diagram of RARE Acceleration 

With this perspective in our framework and benchmark applications, we perform an investigation 

of various acceleration methodologies based on our RARE platform. As shown in Figure 5, we 

provide insights into future tactical HPC design and custom FPGA based accelerator design for 

emerging applications. We make the following contributions: 

- Remote sensing including Synthetic Aperture Radar (SAR) – We constructed an end-to-

end SAR case study with real high definition (HD) input images. We verified our FPGA 

based RARE platform by accelerating a kernel code including logarithmic homomorphic 

transformation. 

 

- Streaming architecture for FPGAs – Based on cycle breakdown analysis with multiple ARL 

applications, we developed prototype streaming memory architecture and showed its 

performance improvement on the Zynq embedded vision system prototype. 

 

- Real-time Object detection – We improved the state-of-the-art object detection 

algorithm by adopting our floating point hyperbolic functions. We show that there is 

potential speed-up for the Army’s workload including night vision object detection and 

unmanned aerial vehicles’ application algorithms. 

 

- Floating point math computation acceleration – We developed an automatic floating 

point hardware block generator and used it for our own acceleration.  

 

- Future Server Execution Environment Design – Based on our acceleration results, we 

investigated the implication for future remote method invocation environment. The 

prototype interface was developed by using Java Remote Method Invocation (RMI). 

 

 

 

Remote sensing, Synthetic Aperture Radar Processing Acceleration  
SAR is a radar signal processing technique used to produce accurate resolution images beyond 

the several kilometer range. The basic operation for SAR is to transmit radio signals to the ground 

and measure the reflected signal. Due to this active property, SAR can produce high resolution 2-

D and 3-D images of the earth's surface. Recently, SAR has been used more frequently in military 

applications such as Unmanned Autonomous Vehicles (UAVs). The SAR hardware system is 

required to be implemented in a number of small stacks such as 3 x 3 x 3 inch cubes with high 

performance and low power requirement. Hence, using an FPGA to implement SAR is desirable. 

SAR images have high dynamic range (HDR) due to the characteristics of its   capturing method. 

The dynamic range of SAR images is often represented by the lightest spot in a speckle and the 

darkest point in the background. The original SAR images from SANDIA National Laboratories 



have a word size of 16 bits. The image size is typically larger than 4,096 pixels both horizontally 

and vertically. SAR images have shown characteristics that are different from moving picture 

formats such as MPEG and H.264 format. General filtering approaches are not often preferred 

for SAR images since they are developed with optical signals in mind. Often, general purpose 

fixed point hardware does not efficiently suppress speckles present in SAR images due to its 

limited accuracy. Hence, we developed a floating point hardware implementation of the natural 

logarithm function. 

 

 

Fig. 6. SAR Image Enhancement 

 

Fig. 6 shows a high level block diagram of our SAR case study. We directly apply a logarithmic 

filter with a 2D Discrete Wavelet Transform (DWT) to reduce the presence of speckles by applying 

the soft-thresholding technique. The objects' edges, which reside in the low frequency 

component of the signal, are preserved from blurring while removing the noise. We validated the 

high level model of the SAR processing algorithm using MATLAB. We used the real SAR image 

data provided by Sandia National Laboratories MiniSAR image archives. 

We apply the logarithmic transformation to boost the signal background which contains a great 

deal of information. In SAR images, the signal can include cars and buildings in the region of 

interest. Soft thresholding is a method to remove and suppress the noise signal in the wavelet 

domain and is well defined in Mallat and Donoho's work. We apply the nonlinearity to the 

wavelet coefficients with a threshold value chosen by MATLAB and our empirical image SAR 

output visual inspections. The objective of a logarithmic filtering is to change the statistics of a 

SAR image. The original speckle statistics are changed from a multiplicative noise to an additive 

noise. This noise in the logarithmic transformed SAR image can be more easily removed by an 

appropriate filtering since speckles reside in the high frequency component of the signal. 
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Fig. 7. Original SAR image (a) 

 

 

Fig. 8. Log-transformed SAR image (b) 



The impact of the logarithmic filter is presented in Fig. 7 and Fig. 8.  Restored SAR images were 

compared with and without a logarithmic filter. These image results verify that the filtered image 

boosts low frequency signals and exhibits an effective reduction of dynamic range. It is clearer to 

the human observer because of this dynamic range reduction. We have verified that logarithmic 

filtering produces a better SAR image when it is restored using the inverse DWT. 

 

 

We used the Taylor Series to compute the natural logarithm on the FPGA. We selected the 

logarithmic transform since it was integral to image enhancement. The Taylor series is a 

representation of a function using an infinite sum of terms that are calculated from the values of 

the function's derivative at a single point. We truncated the infinite summation to eight terms as 

adding more terms did not increase overall accuracy. The output Q is calculated as shown in the 

equations above. 

Our case study for the logarithmic hardware was synthesized and mapped onto an FPGA in order 

to validate our performance and resource usage in terms of maximum clock frequency and slice 

utilization. Synthesizing the model on the FPGA provided the opportunity to extract performance 

estimates including, throughput, power, and resource usage. 

Our design was synthesized using the ISE 9.2 design tools. We executed the function on an H101-

PCIXM board containing a Xilinx Virtex-4 LX100 FPGA. We implemented a design with two 

logarithmic cores, executed it on the FPGA board, and measured execution time. Since the 

maximum clock frequency was 100MHz, two logarithmic cores generate two outputs every 10 

nanoseconds (ns). An implementation with four logarithmic cores generates four outputs every 

10 ns. 



 

Fig. 9. FPGA performance comparison with software execution 

 

Fig. 10. Estimated four logarithmic unit on an FPGA results 

Figure 9 shows our results with two logarithmic units on the H101-PCIXM board. The x-axis shows 

the number of input samples streaming through the FPGA. The y-axis shows the execution time 

in milliseconds. The use of our logarithmic unit resulted in an average speed-up of 75 for the 

hardware implementation over the software. We estimated performance for four logarithmic 

units on an FPGA to achieve the throughput shown in Figure 10. While we did not execute a four 

logarithmic unit core on the board, synthesis results verified that it would fit on the FPGA. The 

results using four logarithmic units showed an average speed-up of 188. 

 



 

Fig. 11. Updated Memory Controller Design 

 

We are extending our previous RARE implementations based on H101-PCIXM board by creating 

and porting memory controllers for three PCIe-180 boards we purchased in the second year of 

this project.  Fig. 11 shows the memory controller entity that communicates with two SRAMs 

using the memory map in order to store input values for the accelerator (e.g. logarithmic, 

exponential) circuit. The controller must also be able to read outputs from SRAMs when 

requested by software. To be able to read/write to a register in the FPGA from the host processor, 

you need some way of assigning the targeted register/signal an address. For each transfer, a 

memory map node specifies the address that is being accessed, and whether or not the access is 

a read or a write.  

To use a memory map node, you must first assign an address to each register/signal that you 

want to access from the host processor. Now that you have assigned an address to each signal in 

the FPGA you need to access from software, you need to design the memory controller logic to 

decode the signals from the memory map node and read/write the appropriate signal/register. 

Likewise, when the memory map specifies that a read is taking place, the glue logic should read 

data from the appropriate signal and send it to the memory map. 

 

Streaming Architecture for FPGAs 
 

In today’s world there are number of applications which require video streaming. For example 
traffic monitoring, face detection, motion estimation, remote sensing, synthetic aperture radar, 
etc. All these applications need continuous streaming of video frames. Efficient streaming 



architecture/framework is based on certain factors such as, the camera used, streaming 
architecture/algorithm, resolution, bandwidth, hardware used to implement the architecture. 
There is one more important factor responsible for efficient video streaming and that is memory 
I/O copying. 

 
FPGA is a semiconductor device that can be used to program desired hardware functions and 
applications. FPGA gives hardware designers the benefits of achieving high performance as well 
as re-configurability. HW designers can reconfigure hardware blocks in FPGA for specific 
applications or kernels in their application algorithms. While designing hardware unit using FPGA 
the memory optimizations plays important role. In order to provide accelerated framework 
memory hierarchy need to be taken into consideration. For example, for any streaming 
application the memory latency will be increased if video frames are copied from off chip 
memory to kernel and back to memory. This will affect the overall framework. The copying from 
on-chip and off-chip memory has major effect on the framework acceleration. 

 
We performed one experiment to determine the time required for memory I/O operations. The 
processing element (PE) used in our experiment is Sobel Filter hardware provided by Xilinx. Sobel 
Filter is simply an edge detection algorithm. So we used this sobel filter with streaming 
architecture to determine the amount of time required for memory I/O operation. The result we 
got are shown in Table 1. From the result, it is clear that the time required for memory I/O is 
much greater than the time required by a processing element to process the data. Our 
experimental setup is shown in Fig. 12. 

 
Multi-Processor System-on-Chip (MPSoC) is widely used to implement streaming architecture. 

MPSoC is well suited to satisfy the computing requirements of streaming based applications. 
Even today FPGA lacks optimized memory architecture. The latency varies according to memory 
hierarchy. Most of the time the designer creates application specific streaming architecture 

 
 
 
 
 
 

 
 
 

Table. 1 Execution time required for HW Sobel routine 
 



 
 

 
 
 

 
 

Fig. 12 Experimental Setup 
 

 
Streaming applications such as remote sensing, hyper-spectral remote sensing, stereo vision and 
synthetic aperture radar operate on high resolution video frames. To process these high 



resolution frames high processing power is required. Today’s processing elements have made 
tremendous improvements in processing speed over the last few years of processing elements. 
But the memory access speed has not improved in comparison to the processing element. This 
has led to a performance gap between the processing element and the memory subsystem. 

 
The streaming architecture is one of the more efficient ways to optimize the memory transfer 

operation. CoRAM proposes FPGA memory architecture to serve as a portable bridge between 
the distributed computation kernel and the external memory interface [7]. They have provided 
shared, scalable memory architecture for FPGA computing devices. But incorporating CoRAM in 
the computing devices would would require more area and greater power overhead.  

 
The memory hierarchy based on scratchpad memories therefore load/store latency can be 

determined at compile time is discussed in [9]. The L0 scratchpad is the lowest in memory 
hierarchy and closest to processing elements (PE) allowing for fast delivery of pixels to PE. The L1 
scratchpad deals with the low bandwidth towards off-chip memory.  

 
OpenCV library functions are used to build the framework for video processing application [11]. 

This paper compares the execution time required using different instances of memory copy 
operation (e.g. Linux RAM to DMA RAM, etc.). This paper also introduces NEON processor where 
NEON copy operations prove to be efficient for memory copy. There are certain factors that 
affect hardware systems used for image/video processing application.  

 
CbIA trades image quality for reduced cost of image acquisition process [8]. CbIA alters the 

conventional memory access pattern, in order to progressively and adaptively access pixels from 
a memory subsystem. CbIA addresses the cost of image acquisition using the execution time and 
energy consumption required for the hardware system.  

 
Mixture-of-Gaussian (MoG) architecture has been proposed in [2]. MoG architecture 

implementation is used for realizing background subtraction. Authors propose parameter 
compression to achieve a trade-off between image quality and memory bandwidth. With the 
acceptable loss in image quality they were able to achieve reduction in memory bandwidth. But 
due to compression there is increase in computation.  

 
Smart camera is used to accelerate two very different image processing applications in [13]. 

The author proposes minimizing movement of large datasets and minimizing the latency by 
starting to process data before a complete frame has been acquired. But they do not process 
streaming data directly. They block up and store data from camera in on-chip memory before 
processing it on the FPGA.  

 
Our work is related but differs from above discussed work. We are building a streaming 

architecture which can directly handle streaming data. Also we are developing line-based FIFO to 
process the pixels from the streaming frames in order to reduce memory latency and increase 
throughput.  

 



We propose a novel streaming architecture using a line based First In First Out (FIFO) approach. 
Our framework captures the video frames using a webcam which are processed using line based 
FIFO. The pixels from the video frames are copied line-by-line into the FIFO. Using this streaming 
architecture memory input/output (I/O) latency is reduced. This architecture can be used with 
other kernels which require streaming for their application. 

 
We are building a framework featuring a streaming architecture, shown in Fig. 13,  using Zynq 

7000 processor. For experimental purposes we are using Logitech camera for video capturing. 
We are designing our streaming architecture framework using the FIFO approach. Using the FIFO 
approach, memory bound operations can be optimized and thus enhance the video processing 
application. The pixels from video frames captured using a camera will be processed using FIFO 
based streaming approach. 

 

 
 

Fig. 13. Line-based FIFO Architecture 
 
We are developing novel line based FIFO architecture for frame pixel processing. Depending 

on the frame resolution the kernel  must be modified to yield high performance. In FIFO 
architecture the pixels from the frame will be copied to input FIFO line-by-line. This FIFO 
architecture can have variations in pixel copying i.e. copying 1, 2, 4, etc. lines of pixels at a time. 
These pixels will be further handled by the processing elements and will be copied to output FIFO 
line-by-line. These processed pixels will then be displayed on HDMI output.  

 
Therefore using FIFO architecture video streaming the memory bound operations will be 

accelerated and latency for memory copying will be reduced. This will result in increase in 
throughput and the performance of video processing application will be increased.  

 
Before proceeding with the framework we need to consider different aspects that will impact 

the framework. In short we should do a mathematical study of the framework. There are certain 
factors which will have an effect on the framework. Factors like data rate, clock rate, frame 
resolution, FIFO filling rate, etc. The speed at which camera is streaming data to frame grabber 
is called data rate. The following equations are used to calculate data rate. 

 
Data Rate = Clock Rate x Number of bits per pixel 

 



Once data rate is calculated, we can then determine whether our processing element can 
handle the frame acquisition. Also we need to consider throughput from the frame grabber over 
the bus. If the throughput is less than the data rate, then we have to consider the rate at which 
the FIFO will fill. If the FIFO fills up before a complete frame is acquired, there will be buffer 
overflow, even if we are only acquiring one frame. The Following equation is used to calculate 
FIFO filling rate. 

 
FIFO Filling Rate = Data Rate - Bus Throughput 

 
In analyzing the framework there is one more factor we must consider. We need to determine 

the time it takes to capture one frame from the camera. 
 

One Frame Time = Resolution / Clock Rate. 
 
FIFO filling rate and the one frame time can be used to calculate the FIFO prerequisite for one 

frame. 
 

FIFO Prerequisite = FIFO Filling Rate x One Frame Time 
 
To implement streaming architecture we need to install Open Source Computer Vision 

(OpenCV). OpenCV is a library consisting of 2500 computer vision and machine learning 
algorithms. These algorithms can be used to detect and recognize faces, identify objects, classify 
human actions in videos, track camera movements, track moving objects, extract 3D models of 
objects, produce 3D point clouds from stereo cameras, stitch images together to produce a high 
resolution image of an entire scene, find similar images from an image database, remove red 
eyes from images taken using flash, follow eye movements, etc.   

 
We are using the sobel filter provided by Xilinx to implement streaming architecture. We need 

to partition the SD card that is used with the Zynq 7000 board. An SD card is partitioned into two 
segments. In one part, boot files are copied and in other the Linaro Ubuntu file system is ported. 
OpenCV is installed from the repository of the Linaro Ubuntu. For our experimental purposes we 
are using Logitech HD pro C920 webcam. This webcam can be replaced by high resolution image 
sensors. 
 



 
 

Fig. 14. Our approach for streaming architecture 
 

Fig. 14 above illustration shows the approach that we are use to implement streaming 
architecture. As shown in the diagram, if we are waiting to process the pixels in frame in each 
block more time will be required to process the frame. This will lead to an increase in latency and 
a decrease in throughput. But if we start processing as soon as we receive the pixels and the 
subsequent blocks are not waiting for the  entire frame we are going to save some time. By using 
this approach, latency will decease and throughput will increase. As seen in the diagram as soon 
as we get the frames from the camera all of the blocks involved will start processing the pixels 
and will send the output to the HDMI monitor. So by using our approach (t1-t2) sec time required 
is less than conventional method. Thus this will help to reduce the latency and increase the 
throughput. 
 

Real-time Object Detection 
Object detection is quite challenging considering both software and hardware implementation. 

There are several algorithms [15] [16] [17] [18] that are developed  earlier considering the input 

as an unknown image and it can have different Poses, clothes, carry different objects, sizes, 

heights, background, illumination, pedestrian and camera motion, at different viewing angles. 

Viola Jones [19] is a very popular face detection algorithm but it can't accurately detect the 

objects in images if the image has different illuminated conditions. The histogram oriented 

gradient algorithm [20] provides reliable results with many of the state of art of object detection 



tools. But the major objective is the achievement of minimal cost with superior accuracy. The 

implementation of HoG is possible in software and on hardware platforms. 

The previous work shows the implementation both in OpenCV and in MATLAB. For hardware 

implementation the FPGA various platform is chosen. The mathematical functions of HoG 

implementation are quite challenging.  Using IP cores takes more resource utilization and 

implementing its own mathematical function makes the device slower. As usual, there is a 

tradeoff among speed, accuracy and computational cost. 
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A histogram of oriented gradients (HOG) is a feature descriptor used to detect objects in 

computer vision and image processing. The HOG descriptor technique counts occurrences of 

gradient orientation in localized portions of an image - detection window, or region of interest 

(ROI). This algorithm was first described in Wolfram [21]. There are several steps for implanting 

the HoG both in both software and hardware. For software, available C++ implementation of 

OpenCV library was used. The implementation procedure of HoG has several steps [23].  The first 

step is to divide the image into small connected regions called cells, and then to compute for 

each cell a histogram of gradient directions or edge orientations for the pixels within the cell. The 

gradient magnitude and directions are showed in equations [15] and [16]. The second step is to 

discretize each cell into angular bins according to the gradient orientation. Each cell's pixel 

contributes a weighted gradient to its corresponding angular bin. Groups of adjacent cells are 

considered as spatial regions called blocks. The grouping of cells into a block is the basis for 

grouping and normalization of histograms. A normalized group of histograms represents the 

block histogram showed in equation [17]. The set of these block histograms represents the 

descriptor. 

Block Design 

The basic block design of Histogram Oriented Object detection [17] is shown in Figure 15.  The 

module has several parts. This paper will focus on the gradient portion. The gradient computation 

[17] has two parts, magnitude calculation and direction calculation. This paper presents the 

design of gradient calculation direction and the result where it shows how much image detection 

accuracy is gained.  



   

Fig. 15. HoG Object Detection module. 

 

 

Fig. 16. Proposed Gradient Direction Computation module. 
 

Previously for implementing the gradient direction LUT [16] [17] [18] and taking the ratios are 
used [15]. The advantage of LUT is its exceptional speed. The disadvantage is that it requires 
significant memory, especially if you need high resolution for the function input. The y/x ratio 
method doesn’t yield an accurate result even though it is very simple to implement, faster and 
requires less memory. The error result of this method is shown in Table 2. Here, the proposed 
arctangent mathematical block is used instead of the IP core. The MaClaurin series are used for 
calculating the polynomial block shown in Figure 16.  
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, where -1 ≤x≤ 1 and n=0, 1, 2, 3…….. 

 

To calculate the arctangent the the Maclaurin series can be used with the following conditions. 
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The result from Arctangent Mathematical Block implementation that is discussed above is shown 
in Table 1. This result is found by using the MATLAB tool. The arctangent function is calculated 
by both MATLAB ‘atan’ function and Maclaurin series (where n=4) and the error is estimated 
between these two results. This calculation is done for 0-360 degrees with 10 degree interval. 
Maximum, minimum and average error is listed in Table  
2. The maximum error found in whole range is .0495 (in radian) and minimum is error. Another 
noticeable thing about the result is this error has one trend, for lower angle the error is less and 
for higher angle the error is higher. 
 
Result and Error Accuracy 

The described Arctangent block was tested before implementing to HoG block. The result 

obtained from the implementation of the proposed Arctangent block shows that using higher 

values of n gives greater accuracy. But the problem is that a higher value of n requires more 

resources and yields higher output latency. In Table 2 the estimated error is shown where n=4. 

The error is estimated comparing the results between arctangent original value and the proposed 

block. This estimation is done for 0-360 degree ranges with 10 degree interval and it is found that 

with each 180 degree difference all the angles has repeated value.  The maximum error found in 

the entire range is .0495 (in radian) and minimum is 0. Another noticeable issue is that this error 

is less for a lower angle the error is greater for a higher angle. The average error from the all 

angles found from Arctangent block is .002338.  

In order to justify the error compared to the previous method [16], the previous Gy/Gx method 

was implemented. The result is shown in Table 3 and the result says the absolute error is larger 

than 1. 

                                         Table 2: Estimated Error from Arctangent Block 

Angle Range Max Average Min 

1—10 & 181--190 4.54E-10 6.42E-11 0 

11—20 & 191--200 1.21E-06 2.59E-07 1.32E-09 

21—30 & 201--210 1.69E-04 4.62E-05 2.16E-06 

31—40 & 211--220 8.30E-03 2.60E-03 2.57E-04 

41—50 & 221--230 3.48E-02 8.83E-03 0 

51—60 & 231--240 4.38E-08 7.79E-09 1.56E-12 

61—70 & 241--250 1.74E-05 4.28E-06 9.16E-08 



71—80 & 251--260 1.28E-03 3.79E-04 2.81E-05 

81—90 & 261--270 3.48E-02 NaN 1.88E-03 

91--100& 271--280 3.50E-02 1.10E-02 1.2E-03 

101—110 & 281--290 8.65E-04 2.53E-04 1.74E-05 

111—120 & 291--300 1.06E-05 2.54E-06 4.38E-08 

121—130 & 301--310 1.99E-08 3.41E-09 2.07E-13 

131—140 & 311--320 4.95E-02 1.46E-02 0 

141—150 & 321--330 5.76E-03 1.79E-03 1.69E-04 

151—160 & 331--340 1.10E-04 2.95E-05 1.21E-06 

161—170 & 341--350 6.67E-07 1.38E-07 4.54E-10 

171—180 & 351--360 1.40E-10 1.88E-11 0 

 

Before proceeding to hardware implementation using the proposed block, our goal is to justify 

this HoG block using C++ and compare it with the face detection in OpenCV. As a part of this 

work, loading image in Fig. 17, video streaming in Fig. 18 and face detection in Fig. 19 are 

accomplished using source code. In the case of face detection the program is tested using 

different resolutions of image e.g., 8 bit, 16 bit, 24 bit and 32 bit. The detection time is less for 

higher resolution image but for 32 bit the detection time is greater. The result is shown in Table 

4. So, there is a tradeoff between image resolution and detection time for faster face detection. 

As the final goal of this project is to use floating point operation for faster face detection with 

higher accuracy, the number of bits can be decided after implementing the full HoG using the 

proposed block.  

Table 3. Estimated Error implemented from previous Gy/Gx method 

Ratio 
Method(atan) 

Exact 
Value(atan) 

 

Error 

0 0 0 

5.710593137 4.5 1.210593 

11.30993247 9 2.309932 

16.69924423 13.5 3.199244 

21.80140949 18 3.801409 

26.56505118 22.5 4.065051 



30.96375653 27 3.963757 

34.9920202 31.5 3.49202 

38.65980825 36 2.659808 

41.9872125 40.5 1.487212 

45 45 0 

 

Table 4. Face Detection time from different size of Images. 

 

Image 
Type 

Detection 
time (ms) 

 

8 bit 218.513 

16 bit 215.283 

24 bit 213.659 

32 bit 217.83 

 

 

        

 

 

 

Fig.17. Loading Images 

from stored image 

 

Fig.19. Face Detection 

from lena Images. 

 

 

Fig.18.Video 

streaming image from 

webcam 



In this project report, a working system is presented for multiple object detection using existing 

HoG block and OpenCV source code. Though the software and hardware implementation is not 

yet complete. the result from the comparison of Tables  2 and 3 shows that the accuracy of the 

proposed arctangent mathematical block is higher than with previously considered methods [15]. 

Floating point math computation acceleration  
 

Enhancing the execution of certain high performance applications by increasing speed and 
lowering power consumption is a primary objective of the research conducted here in the RARE 
Group. This can be achieved by coupling hardware designs with a High Performance Computing 
(HPC) hardware platform such as Graphic Processor units (GPUs), Field-Programmable Gate 
Arrays (FPGAs), Application Specific Integrated Circuits (ASICs) and many more. Here in the RARE 
group we focus on using FPGAs due to major benefits such as low cost and reconfiguration at any 
point, as compared other HPC platforms. 
 
The RARE toolset consists of floating-point arithmetic cores from simple designs such as adders, 
multipliers and subtractors, to more complex designs such as exponential units, logarithmic units, 
square root units, Power units and many more.  In addition, these Floating-point designs are used 
in high performance applications such as: Synthetic Aperture Radar (SAR), Polynomial 
Approximation, Polynomial Approximation, High Dynamic Range Imaging, weather prediction 
etc.   
 
The first experiment was to make initial improvements to a few components within the RARE 
toolset, which would then be used in a test to compare the performance (speed and power) of 
the RARE tools to the performance of identical floating point components designed by an outside 
source. My second experiment of the summer serves as a continuation of the initial comparison 
conducted in the first experiment. The second experiment consisted of porting the designs of 
both the outside source and RARE onto an actual FPGA and again documenting their 
performance. The third and final experiment of the summer was to design an error module that 
is implemented inside of the Power unit used in the RARE toolset. 
 

Our initial benchmarking experiment was to run synthesis and record the speed and power of 
the RARE Floating-point exponential, logarithm, and power unit. Next a comparison of the 
performance of identical components designed by FloPoCo was conducted. FloPoCo, which was 
founded and is maintained by a group of professors and scholars at INSA Lyon in France, has 
presented a way to generate arithmetic cores, ranging from simple to complex units, which are 
fully parameterized and pipelined for FPGAs and other hardware platforms. FloPoCo generator 
is based on a C++ platform which is used to create the arithmetic logic cores. Along with using 
C++, FloPoCo provides a command line interface that is used to convert user specific inputs into 
synthesizable VHDL. What makes FloPoCo unique is that their generators are tuned to design 
very precise arithmetic cores in relation to accuracy, and cores that are fast and power efficient. 
Based on the results, this experiment serves as potential step in the RARE group being recognized 
at a higher level within the FPGA community.   



  

The preliminary setup of this experiment involved making baseline improvements to the 
exponential unit, Logarithm unit, and Power Unit. This task required making enhancements that 
catered to increasing the speed and reducing the power consumption of each component.  This 
was achieved by strategically removing certain areas of the design that were redundant or not 
needed.  
 

The FloPoCo comparison experiment was conducted using the Xilinx ISE design software which 
was installed on a regular Laptop computer. This third party software is dedicated to VHDL design 
and FPGA design. This software allows users to design and maintain hardware components. 
Features are included that allow users to view a visual representation of a designed hardware 
component in the form of a schematic. The user is then able to simulate a design, giving an 
accurate account for resource allocation and performance without actually implementing the 
design on a physical FPGA board.   For this experiment, the simulation feature was used to 
produce findings.   
 

To initiate the experiment, a simulation of each component design was run for the Virtex 7 
XC7VX485T -1 FFG1157 device. This is the latest device that the Xilinx ISE software offers.  Also 
the Virtex 7 board is one of the newest boards on the market and offers more than enough 
memory and resources to handle the given designs being tested. Below, are the tables that 
represent the findings for both speed and power performance for each design simulated on the 
Virtex 7 board. 
 
 

Table 5. FloPoCo Vs RARE – Power 

  FloPoCo RARE 

Logarithm Unit Slices LUTs Slices LUTs 

        836 1034 7879 13363 

Exponential Unit         501 662 1818 3542 

Power Unit        2180 2751 11084 18533 

 

Table 6. FloPoCo Vs RARE - Speed 

 FloPoCo RARE 

Logarithm Unit      Min Period      Max Freq. Min Period Min Period 

        4.734ns   210.853MHz       4.161ns 240.327MHz 

Exponential Unit         4.431ns  225.695MHz      3.660ns 273.224MHz 



Power Unit         4.840ns  206.606MHz      4.168ns 239.923MHz 

 

Table 5 displays the number of “Slices” and “Look up Tables (LUTs)”.  The Virtex 7 is capable of 
holding 607,200 slices and 303,600 LUTs before it reaches capacity.  When measuring the power 
of a FPGA or hardware design, these two categories represent the resource allocation. A power 
efficient design uses as few resources as possible. As shown above, the components designed by 
the FloPoCo generator use a significantly lower amount of resources compared to the RARE 
components which means that the RARE tools use a great deal more power than the FloPoCo 
tools.  

Table 6 displays the “Maximum Frequency” and “Minimum Period” of each design.  These two 
categories are primarily gauged when monitoring speed. In the case of speed, a component that 
is faster would have a lower minimum period and a higher maximum frequency. Unlike the power 
results, the RARE tools are slightly faster than the FloPoCo designed tools.  Considering both 
power and speed, The FloPoCo designed tools would be the best choice for the present.  
Sacrificing a little speed is a good trade off when considering you’re using significantly less power 
than the competition. These results serve as a baseline for further improvement of the RARE 
tools used in this experiment. 

Power Unit and Error Module 
We complete a Power Unit and an error module use in the project. The Power unit is a vital 
component within the realm of executing higher performance applications. Aside from 
computing basic power computations such as 23 or Xn, implementing this component in a larger 
scale design can present the potential for significant speedup. Figure 20 represents a simple block 
diagram of how the Power Unit works; as I move further along I will explain the underlying 
components that are included in the power units design.    

                                   

                                             Figure 20. Power Unit First Level Block Diagram 

 



Building the power unit is more complicated than it may seem. The equation to compute the 
power of a number is: Xp = (eln(x))P = epln(x) ,this equation must be designed in hardware in order 
to efficiently complete this computation. The power Unit is comprised of four components that 
are linked together to compute the power of a number. These components are as follows: 
Logarithm Unit, Exponential Unit, Multiplier, and a delay. These components are all included in 
the RARE library as well. Figure 21 below displays the second level block diagram of the power 
unit.  

 

 

Figure 21. Power Unit Second Level Block Diagram 

As shown in figure 21, the components are design to follow the direction of the equation. Also in 

the figure, one should notice a component that is named “PowerEM”. This is the Error Module. 

The purpose of this error module is to verify the inputs that are entering the Power Unit  and give 

either a response of the actual finished value or an error. When computing simple power 

computations, there are cases where two numbers may produce an answer of infinity or an 

undefined number, which is referred to as Not a Number (NaN). The error module has to be able 

to account for all of these cases and accurately depict which given two numbers will produce a 

real output and which two numbers will produce an error. Some error cases include: raising a 

negative integer to the power of a negative non-integer ( -2-2/3), raising zero to the power of a 

negative integer(0-1), raising zero to the power of a negative  non-integer(0-2/3), etc.  

 



 

Figure 22. Error Module Second Level Block Diagram 

Figure 22 shows the second level block diagram of the Error module and the process required for 

verification. Once two values enter the power unit those same values are entered into the error 

module as well. Next, they are sent through a series of components that conduct further 

evaluation based on conditions statements and cases. If everything complies, the actuall value is 

passed through as the result. If the two numbers trigger an error, the error value is passed 

through as the result. 

 

Remote Execution Environment 
 

The basis for the Remote and Reconfigurable (RARE) project is setting up a series of 
Reconfigurable Computers to be controlled remotely, or from a different location than where the 
computer is based. A Reconfigurable Computer is a Host PC connected to one or more Field 
Programmable Gate Arrays, or FPGAs. FPGAs are circuits that can have memory allocated to 
perform certain programmed tasks, and are more customizable that similar circuits.  
   
RARE has been developed primarily through the Java programming language for several reasons. 
Its native method feature allows for some other languages to be called within Java applications. 
One reason this could be useful is because FPGAs might only be able to read a certain language, 
but Java offers the flexibility of using many similar languages. Other features include remote 
method invocation (RMI) and network security, which allows Java to be executed from a remote 
site (from one location to another), one of the main aspects of the RARE project. 
 



  

 
Fig. 23 RARE infrastructure 

 
The infrastructure of the RARE project infrastructure is as shown in Figure 23. A client computer 
is connected with a server computer over the Internet as shown, and the server is intended to 
be connected to the FPGA board to run the program more efficiently. This sets up the remote 
connection, as well as running the program on the intended hardware.  We now have the RARE 
environment running on our servers at NCAT.  We hope to publish results for various applications 
running in this environment in the near future. 
 

DOD Information Sessions 
Two information sessions where held during this reporting period to stimulate student interest 
in DOD careers.  The first information session took place on the September 24, 2015 at Smith 
Hall - Room 2014. The session started at 6:00pm and ended at 7:00pm with 44 students and 3 
faculty members in attendance. Mr. Jonathan Stanton, who currently holds the position of the 
Contracts and Quality Team Lead for the Defense Contract Management Agency, was the guest 
speaker at the information session. This session focused on enlightening students and faculty 
members about career opportunities available with the Department of Defense.  

The session started with participating students being welcomed and invited for light 
refreshments by Dr. Andrea Ofori-Boadu. The introduction of the guest speaker, Mr Jonathan 
Stanton, was by Dr Frank Yeboah. Mr Stanton proceeded to give students helpful information 
on job opportunities available at Department of Defense. He demonstrated through the use of 
a computer and overhead projector, the different steps and processes involved in applying for a 
federal position posted at the USA JOBS website. Mr. Stanton answered all questions asked by 
the participating students. The session ended at 7:00 p.m. with the vote of thanks given by Miss 
Mariam Adebakin. After the session, about ten students waited to further discuss specific issues 
with Mr. Stanton on a one-on-one basis.  

PICTURES FROM THE FIRST DOD INFORMATION SESSION 
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The second information session took place on November 3, 2015 at Smith Hall - Room 2014. 
The session started at 6:00 p.m, and ended at 7:00 p.m. with 25 students and 2 faculty 
members in attendance. Mr. Jonathan Stanton, who currently holds the position of the 
Contracts and Quality Team Lead for the Defense Contract Management Agency, was the guest 
speaker at the information session focused on enlightening students and faculty members 
about career opportunities available with the Department of Defense.  

The seminar started with the introduction of the guest speaker by Ms. Cara McAdoo. Mr 
Stanton proceeded to give students helpful information on job opportunities available at 
Department of Defense. He demonstrated through the use of a computer and overhead 
projector, the different steps and processes involved in applying for a federal position posted at 
the USA JOBS website. Mr. Stanton answered all questions asked by the participating students. 
The seminar ended at 7:00pm with the vote of thanks given by Mr. Devon James. After the 
session, about four students waited to further discuss specific issues with Mr. Stanton on a one-
on-one basis.  

PICTURES FROM THE SECOND DOD INFORMATION SESSION



 

LIST OF PARTICIPATING STUDENTS 

Ahmed Lamarre  Anthony Waters  Daryl Bryant     
Danielle Spearman  Aaron Coles   Arwa Qammash 
Esther Majekodunmi  Travis Gould   Marklavious Patton 
Devon James   Derrius Todd              Xavier Montgomery 
Zachary Hinton  Avery Sandidge  Mariam Adebakin 
Sasha Cheek              Armond Moore Brittany Austin 
Isiah Washington  Kevin Fisher              Nzinga Hawkins 
Allen Nqean   Mitchell Gain   Cara McAdoo 
 
LIST OF PARTICIPATING FACULTY MEMBERS 

Dr. Andrea Ofori-Boadu   
Dr. Jacqueline Chestnut 
Dr. Clay Gloster 
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