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Özyeğin University
September 2018

Copyright c© 2018 by Vecdi Emre Levent



TOOLS AND TECHNIQUES FOR IMPLEMENTATION
OF REAL-TIME VIDEO PROCESSING ALGORITHMS

Approved by:

Assoc. Prof. H. Fatih Uğurdağ,
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ABSTRACT

Hardware implementation of video processing algorithms, which are usually real-time

by nature, need architectural exploration so that we achieve the required performance

with minimal cost. In addition, the video algorithm to be implemented may need

to be used with different frames-per-second and resolution in different applications.

Hence, we usually need to design a parameterized IP block instead of a fixed design.

Also, during the hardware design process, the requirements fed from the algorithms

team may change as well as the algorithm itself. As a result of these, hardware im-

plementation iterations need to be as fast as the algorithms development iterations.

This is only possible with the use of tools and techniques specifically geared towards

hardware design generation for video processing. The tools and techniques discussed

in this dissertation include host software, FPGA interface IP, HLS, RTL generation

tools, an architectural estimation tool, flow based verification approach, and logic

synthesis automation as well as architectural concepts (e.g., nested pipelining). The

architectural estimation tool estimates many design metrics. These metrics are area,

throughput, latency, DRAM usage, interface bandwidth, temperature, and compi-

lation time. While we explain the above tools and techniques within a specific use

case, namely, optical flow, we also present results from another use case, image fusion.

Using our methodology and tools, we were able to design and bring up to 11 versions

of optical flow and 3 versions of image fusion on 3 different FPGAs from 2 different

vendors. The first version of these designs (hence the generators) took several months;

however, the subsequent design versions each took a few days with a few people. In

the case where only architectural trade-off is needed, we were able to generate and

synthesize around one thousand designs in a single day on a 48-core server.
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ÖZETÇE

Video işleme algoritmalarının donanım gerçeklemelerinin (doğası gereği çoğunlukla

gerçek zamanlı) mimari ödünleşime ihtiyacı vardır. Böylece asgari maliyetle gerekli

performansı elde edebiliriz. Ek olarak, gerçeklenecek video algoritmalarının farklı

uygulamalarda farklı fps ve çözünürlük ile kullanılması gerekli olabilir. Bu nedenle,

genellikle sabit bir tasarım yerine, parametrize bir IP bloğuna ihtiyaç duyarız. Ayrıca,

donanım geliştirme sürecinde, algoritma takımı tarafından verilen gereksinimler algo-

ritmanın kendisi gibi değişebilir. Bunların sonucu olarak, donanım geliştirme iteras-

yonları, algoritma geliştirme iterasyonları kadar hızlı olmalıdır. Bu, ancak özellikle

video işleme için donanım tasarım üretimine yönelik araç ve tekniklerin kullanımı

ile mümkündür. Bu tezde bahsedilen araç ve teknikler arasında sunucu yazılımı,

FPGA arayüz IP’leri, HLS, RTL üretim araçları, bir mimari tahmin aracı, akış ta-

banlı doğrulama yaklaşımı ve lojik sentez otomasyonunun yanı sıra mimari kavramlar

(örneğin. iç içe boruhattı) bulunmaktadır. Mimari tahmin aracı bir çok metriği

tahmin etmektedir. Bu metrikler alan, çıktı verme, gecikme, DRAM kullanımı,

arayüz bantgenişliği, sıcaklık ve derleme zamanıdır. Yukarıdaki araç ve teknikleri,

spesifik bir kullanım durumu olan optik akış üzerinde açıklarken, ayrıca diğer bir

kullanım durumu olan görüntü füzyonunun da sonuçlarını sunmaktayız. Metodolo-

jimizi ve araçlarımızı kullanarak, optik akışın 11 versiyonu ve görüntü füzyonun 3 ver-

siyonunu 2 farklı şirketin 3 farklı FPGA’i üzerinde tasarladık ve ayağa kaldırdık. Bu

tasarımların ilk versiyonları (RTL üreticisi nedeniyle) birkaç ay aldı, ancak müteakip

tasarım versiyonlarının her biri birkaç kişi ile birkaç gün aldı. Mimari ödünleşime

ihtiyaç duyulduğu durumlarda, bin civarında tasarımı bir gün içerisinde 48 çekirdekli

sunucuda üretip sentezleyebilmekteyiz.
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CHAPTER I

INTRODUCTION

FPGAs are considered for implementation of real-time video processing algorithms

at an increasing rate, especially due to their lower power consumption compared

to GPUs and multi-core CPUs. However, development times of FPGA designs are

normally much longer.

Hardware teams interfacing with algorithm teams, sooner or later, realize that

what they have is a moving target. Before they finish the first version of the hardware,

the algorithm developers modify the algorithm. If not, they have the expectation

that the hardware team (especially if they are working on FPGAs) can also easily

create several versions with different performance, form-factor, and cost parameters.

After all, both teams realize their implementations through coding, which is usually

Matlab/C versus Verilog/VHDL.

There is no way a hardware team can keep up with an algorithms team without

a code generation approach. And that is what we did in our case, and as a result we

have reached the ability of coming up with a working design of 30 thousand lines of

Verilog in 10 days with 2 people. Obviously, even this is possibly slower than what

algorithm developers expect. However, such quick turn-around time is much faster

then what most hardware teams can sustain.

1.1 Problem Statement

The process of chip development is a quite demanding process, especially when the

specifications are not clear, and the algorithm can be updated at any time. It is

shown that the development time and effort can be greatly reduced by using some

tools and methods specific to video processing algorithms.
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It is wise to first discover the hidden parameters of the design problem, i.e., pa-

rameters of architectural trade-off. In this case, there is a chicken and egg dilemma.

It is not possible to know for sure whether the selected parameters are suitable or not

before making some progress with the design. For this, it is necessary to be able to

predict the final state of the design with the desired parameters before the design fin-

ishes. We have to solve this problem with the architectural estimation tool. The tool

should identify and generate the most suitable design according to the constraints

given.

In order to make these estimations, many designs have to be produced and syn-

thesized in advance. The estimator created is based on previous synthesized designs.

Accuracy test of the estimator is performed with the synthesis results which are not

used in creation of estimator. Too many synthesis results are needed for creating

estimation tool. However, it is very difficult to perform these syntheses manually.

Depending on the selected parameters, a tool is required to perform thousands of

syntheses at the same time and parse the generated reports. Batch synthesis tool

solves this problem. The batch synthesis tool feeds the inputs that the estimation

tool needs.

Design units such as FPUs that work in multiple clock cycles are also needed.

These units can be produced according to different latency and cycle-time. However,

it is not possible to know which one is best for design without generating these units.

Since each unit will take a long time to be produced and synthesized, it should not

be done manually. A tool has been developed that analyzes the FPUs according to

the selected FPGA model, latency, and cycle time interval, then gives the result with

the lowest area-time product. Area-time multiplication is a parameter that must be

considered if the highest output speed is desired.

Another very important approach is the code generator. While a design is be-

ing implemented, trying to design parametrizations in RTL can make things very

2



complicated. When you need a parametric design, we prefer script languages like

Perl/Python. Non-parametric fixed RTL designs are produced from these languages.

However, the reason why these designs are parametrized is that the code generator

produces according to the parameter it takes. This approach saves lives a lot of time.

Manual design of thousands of line designs is both time-consuming and will increase

the likelihood of producing buggy designs. In this approach, the length of the code

to be produced is not an issue for the designer.

It is very useful to use High Level Synthesis (HLS) tools where the algorithm

can change over time. Because every algorithm changes, the scheduling is broken

and everything has to be designed from scratch. Since the HLS tools get input from

high-level languages such as C, the changes in the algorithm can be done directly on

the C code.

Advanced architectural design techniques are needed in video processing algo-

rithms that require high throughput. The throughput of output can be increased

with the pipeline mechanisms that are nested inside. How this can be used to design

interlaced pipeline mechanisms is described in chapter 4. 3 pipeline based on frame,

line and pixel are run in parallel.

Verification of FPGA designs for video processing algorithms is difficult in large

designs. Each unit in the design is made a lot of calculations and pixel transfers to

other modules. It is difficult to verify both the calculations and the transfer of pixels

between modules. When it is attempted to be verified together, it is very difficult to

determine whether the problem is due to flow or calculation units. Therefore, once

the pixel transfers between the modules have been verified, the calculations within

the modules themselves must be checked. In this context, a tool was developed to

verify movements. Details are found in the Flow Verification Section 4.

Developing from scratch for all needs can be time consuming. It is very useful to

use a variety of previously verified video processing sub-blocks for this. In this thesis,

3



some modules which are frequently used in video processing algorithms are presented

as IP. With this approach, development time is greatly reduced.

Finally, the video processing design needs to communicate with the outside of

chip. Various interfaces need to be designed for communication. However, the design

of these interfaces can sometimes be more complex than the design of the video pro-

cessing algorithm. Especially when interfaces such as PCIe or Ethernet are selected,

development time is very long. Various interfaces suitable for video streams have

been developed for this. It is easily usable for another video processing algorithms.

The above mentioned problems are found in many video processing algorithms.

We have tested the tools and methodologies we have developed to solve these problems

in order to realize the FPGA design of the optical flow algorithm. Approximately 1

year field development processes have gone down to 1 week. The number of people

needed in the team has also decreased considerably.

1.2 Scope and Contributions

Since the video processing algorithms can be huge and complex, various tools and

techniques need to be used when designing them. Our tools and methodologies are

within the scope of:

• Scalability

• Extensibility

• Reusability

• Reduction of development time

• Reduction of verification time

• High speed interfaces

• Proven IPs

4



• Architectural exploration

The above mentioned items contribute to the FPGA design flow in the designated

areas of Fig. 1.
FPGA Design Flow

RTL 

Design
Synthesis

Various 

IPs

Design

Verification
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Figure 1: Contributions to FPGA Design Flow.

1.3 Related Work

There is a productivity gap between algorithm development and hardware devel-

opment. Or more accurately, there is a productivity gap between development of

simulation models in software and their efficient real-time implementation on custom

hardware platforms. HLS has been looked at as a panacea to this problem. However,

HLS is good at synthesizing “basic blocks” and loops around them. On the other

hand, a video processing algorithm is not simply a loop around a single basic block.

There are usually multiple loops in a video processing algorithm, some of which

are nested. There are also interface design issues, i.e., PCIe or USB for streaming

video in and out, DRAM for previous frames’ storage. Besides HLS, design generation
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techniques need to be used to quickly produce HDL for designer-conceived pipelines.

Speeding up the implementation process requires not only speeding up the design

process, but also the architectural design, verification, and logic synthesis.

This work is the only work that encompasses all these dimensions although some of

these dimensions have been approached specifically for video processing, i.e., stream-

ing applications. Actually, everything done within the score of this work can apply to

applications outside video processing and even applications that are not streaming.

The reason our claim is in the context of video processing is because the use cases we

worked on were video processing applications.

Since there is no comparable work in the literature, in the rest of this section, we

will cover the literature within the context of the dimensions listed above.

HLS is possibly the most important step in our design flow, and we designed our

own HLS tool, a tool which especially fits video processing applications although

it is yet general-purpose. However, our work builds on what has been done in the

literature in the past. That is why we would like to discuss the HLS history and

literature.

In the early days of VLSI design (1970s), designers went all the way from algo-

rithms to layout manually. Tediousness of hand-drawing of layout resulted in layout

generating software. Later, the VLSI design community started raising the level of

abstraction. Eventually by 1979, “silicon compilers” became a goal. What was meant

by a silicon compiler was a tool that could take in a behavioral description in a pro-

gramming language and output layout with no intervention. Soon (by 1981) it was

clear that this was a utopia and that rather a “layered approac” was needed, where

point tools would have to be used in a sequence (if needed in multiple design iter-

ations) with intervention at cleanly defined design flow interfaces. There were, by

the way, already efforts in the direction of a layered approach [1]. The first layer

in this new layered approach would take in a high-level behavioral (i.e., functional)

6



description of the design. It would then directly output gates or output RTL, which

would then go into a logic synthesis tool. The design flow would continue with phys-

ical design automation tools. By 1981, researchers called this most front-end step in

their layered approach architectural synthesis [2] or data path synthesis [3]. Starting

around 1984, these two terms were mostly replaced by the term HLS. In 1985, people

started calling it behavioral synthesis. Since then both terms, HLS and behavioral

synthesis, survived, with HLS being used more commonly in the academia.

Roughly, 1985 to 1995 saw a huge interest in HLS in the academia. The euphoria

in the academia resulted in commercial HLS tool releases in the industry as well as

some in-house tools [4] by 1995. Rise and fall of HLS in the industry was quick. In

about 10 years at the most (by mid 2000s), it was clear that HLS was not going

anywhere. It was very surprising, because its sister, logic synthesis, had become a

commodity tool long ago.

Starting around the same time (mid 2000s), HLS were seen as a means to make

FPGAs easily adoptable into applications with few or no hardware experts in the

team. And since 2011-12, HLS has been successfully used by the FPGA community

and its users. HLS is again in a euphoric state; however, this time industry success has

spawned academic interest, whereas before it was the (presumed) academic success

spawned industry interest.

Why has HLS failed first, in the years 1980-2005, but then seems to be succeeding

since 2011? As in many markets, a complete answer requires the grasp of the full his-

tory of how things progressed, which can be found in survey articles. We recommend

[5] for a survey relatively recent work (mostly since 2000). For a more complete but

older survey, please see [6].

We have a relatively simple answer to the above question. In the first phase of

HLS (1980-2005), we all expected too much from HLS. We wanted it to be general-

purpose, work for the design of commodity ICs, and produce results that even beat

7



expert designers. Imagine a software that plays chess, checkers, and backgammon

and beats world champions in all three. And imagine a problem that is even harder

than that, because in the case of HLS, it was not even clear what it was designed for

in the first phase of its history. Yes, the same is possible for software compilers, but

then, they are not designed to produce real-time implementations, and they do not

beat a human assembly coder in terms of code footprint.

How come HLS appears to be successful now? That is because the FPGA commu-

nity expects only “acceleration” from it, and the execution model is more well-defined

than before [6]. Or as in the case of synthesis from OpenCL [7], it is “domain specific”.

Having said that, we claim for HLS to be successful for commodity IC designs

and/or for truly high throughput systems (i.e., for beyond acceleration), it cannot be

a one size fits all type of tool. We look at it in the spirit of “semi-automation” in

terms of the bigger picture [8]. Even then, it may have to be domain specific for truly

high-throughput systems. There is a plethora of work on domain specific languages

in the software domain [e.g., [9]]; and thankfully, we are also seeing an influx of work

on domain specific HLS such as [10][11]. Furthermore, the problem of HLS problem

becomes more tractable within a particular design framework.

A framework is a flow or methodology, which usually comes up with a top-level

design as well as libraries. Framework based approach is common in hardware verifi-

cation but not as much in hardware design itself so far. There are several frameworks

in the literature and some commercial offerings for improving hardware design pro-

ductivity. Since this is a vast problem, such works are usually domain or design

specific (e.g., [12, 13, 14, 15, 16]). The ones that are general-purpose usually aim

“acceleration” (e.g., [17, 18, 19, 20]).

In acceleration, the goal is to obtain a run-time speed-up (most often single digit)

over the pure software implementation and not necessarily a real-time implemen-

tation. Acceleration oriented frameworks target ease of programmability, and as a
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result, they are software-centric. The design is viewed and done as a software run-

ning on one or more cores with some software functions that have hardware bindings.

Usually, all hardware bindings have to communicate over a processor subsystem, and

that is what usually slows down the system, but yet that is what makes the system

general-purpose. If the algorithm is coded in an SIMD paradigm with parallelism

explicitly stated (as is the case in OpenCL), much higher speed-ups are possible

[21, 22, 23, 24, 25]. However, not every application is amicable to an SIMD program-

ming paradigm.

The purpose of this work was to devise tools and techniques that can benefit a

variety of designs, especially video processing designs. The dissertation discusses a

specific use case, namely, an optical flow algorithm, and it explains the tools and

techniques developed in the context of optical flow, although they are quite general-

purpose in their scope.

Our approach can be evaluated in the context of “semi-automation” [8]. It is

tailored to designs where the required speed-up (double or triple digits) can only

be achieved through careful and creative hardware-architecting and implementation.

The idea is to answer the question “what tools and techniques can we use to both

achieve the extreme throughputs necessary while operating at design productivity

levels close to software”. Such high goals can at most be met with methods that

are partly domain specific (if not design specific). Having said that, we only claim

that tools and techniques presented here can be used in video processing hardware

designs and can be evaluated for other domains. Even in video processing domain, the

possible contexts and requirements are many. [26, 27] address some of those contexts.

[26] proposes an image video processing platform based on Xilinx’s MicroBlaze soft

processor. The focus in [26] is on the hardwired pixel processing pipeline, which is

synthesized by Synfora’s PICO HLS tool, where the MicroBlaze simply initializes and

controls the pipeline. Work [27] builds on to the concept of “weakly-programmable

9



architectures” and enables early verification of the applications correctness as well

as its performance figures. It also offers automated assembly of the final hardware

design. We have an overlap in terms of advocating use of HLS in the pixel processing

pipeline. When it comes to [27], we deal with early verification of correctness and

throughput as well as automated assembly of the pixel processing pipeline, However,

we do not use an architecture based on weakly-programmable architectures. Higher

speed-ups possible at the expense of lower design productivity.

Besides the above-mentioned incorporation of HLS, early verification, throughput

estimation, automated pipeline assembly, in this article, we present tools and tech-

niques in the context of host software, FPGA interface IP (PCIe, USB 3.0, DRAM),

synthesis automation as well as architectural concepts (e.g., 4 levels of nested pipelin-

ing), and an architectural estimation tool. With all of these at our disposal, we were

able to get 11 versions of an optical flow algorithm running on 3 different FPGAs (from

2 different vendors), while we generated and synthesized several thousand designs for

architectural trade-off. Although we keep mentioning FPGA as the target platform,

most aspects of our approach equally apply to front-end development stage (i.e., RTL

development and core generation/integration) of ASIC/SoC implementations.

There are studies in the literature to estimate the resource usage on the FPGA

[28, 29, 30, 31, 32, 33]. In Schumacher’s work [28], it was emphasized that it would

take a long time to fully synthesize in every design iteration. The main goal of this

work is to be able to give the designer a very fast feedback while making decisions

about the design. Fig. 2 shows the flow diagram of the Resource Estimation tool of

Xilinx.
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Figure 2: Xilinx Resource Estimation Tool.

The first stage of the developed tool parses the given RTL code using the design

automation tool named Verific. Verific’s library provides bitwise/binary logic, unary

logic, arithmetic elements, comparators, multiplexers, shifters, and storage elements

from the parsed code. The elements found are multiplied by coefficients according to

element bit widths. Hardware-independent and hardware-specific optimizations must

also be included in the calculations. The synthesis tool can do these things, and the

results can change quite a bit. Hardware-independent optimizations are optimizations

that can be done for all FPGAs. Hardware-independent optimizations are modeled

by resource sharing, comparator with constants, dangling/disabled logic, and ROM

implementations. Hardware-specific optimizations are optimized according to the

resources in the target FPGA. This optimization is achieved by modeling elements

such as block RAM, multiplier/arithmetic DSPs, shift registers, register controls,

multiplexer trees, and binary logic tree’s. Tests were conducted targeting Spartan-

3, Virtex-4, and Virtex-5 devices. The mean errors were 21.9%, 26.3%, and 14.2%,

respectively. The execution time of the tool was seen to be 60 times faster than

Xilinx’s synthesis tool. It completes all operations within an average of 19 seconds.
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1.4 Outline of the Dissertation

The organization of the dissertation is as follows. Section 2 explains optical flow as

well as the particular algorithm and its requirements that caused us to develop the

tools and techniques outlined in this dissertation. Section 3 details our hardware im-

plementation (including nested pipelining) from an architectural point of view without

going into the details of the tools. Section 4 goes into the details of the tools and

techniques that give us our impressive design productivity and explains how they can

be used in other video processing designs. Section 5 provides information on the ar-

chitectural estimation tool. Section 6 shares some design metrics from optical flow as

well as another design, i.e., “image fusion”. And Section 7 wraps up the dissertation

and talks about possible future work.
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CHAPTER II

OPTICAL FLOW ALGORITHM

Estimating the motion, direction, and magnitude, of an object is a necessary part of

some video processing algorithms. Commonly used motion estimation algorithms are

listed below.

• Block-matching algorithm

• Phase correlation and frequency domain methods

• Pixel recursive algorithms

• Optical flow

These algorithms try to estimate motion with different calculation methods. Each

algorithm has different motion estimation performance. In this chapter, the perfor-

mance of the motion estimation algorithms, the optical flow algorithm chosen to be

implemented and the effect of the parameters of the iter and warp number change in

this algorithm on performance is shown.

2.1 Motion Estimation

There are many studies on motion estimation. The most commonly used methods in

the literature are block-matching and optical flow algorithms for motion estimation.

In the study performed by Boer and Kalksma, the quality and computation times of

the optical flow and block-matching algorithms used were compared when measuring

the position changing for UAVs [34]. When the image resolution grows, results show

that optical flow computation is significantly faster than block matching algorithms.

The calculation quality varies according to the input dataset. The block-matching
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algorithm gave the worst performance on dotted floor surface data. This is because

the brightness values of most pixels are close to each other in the dotted floor surface.

In 4x4 and 8x8 pixel-binned datasets, the optical flow is more successful, but the

success of block matching in the 16x16 binned dataset seems to increase. Golemati et

al. performed motion analysis on carotid artery wall ultrasound images [35]. Optical

flow and block-matching algorithms are compared in terms of total displacement.

In non-noise data, block-matching is more successful than optical flow. However, the

success of optical flow is closer to block-matching. In other datasets, it is obvious that

the optical flow algorithm is more successful. Philip et al. made comparisons for low

resolution data [36]. The block-matching algorithm is better than the computational

cost, but it shows that optical flow improves the motion quality better. Liu et al.

performed motion analysis on ultrasound images taken to evaluate cardiac functions

[37]. They applied shear strain and rotation on the data they used. While the optical

flow algorithm is not much affected by these operations, the performance of the block-

matching algorithm is reduced. The block-matching algorithm can be used for works

where the calculation quality is not very important and there is a low computational

cost requirement. Our work requires as high a resolution, a high quality as possible.

Optic flow is better than block-matching according to these requirements. Therefore,

we used the optical flow algorithm in our work.

2.2 Optical Flow

Optical Flow algorithms are a class of algorithms used to extract motion vectors

from consecutive frames on a pixel by pixel basis. There are also block based motion

estimation methods, which offer lower computational complexity at the expense of

lower motion vector resolution [38, 39, 40, 41]. Motion vectors of video frames are

used in video compression, frame rate conversion, machine vision, and video analytics.

Sometimes motion vectors are part of the features we are looking for, and sometimes
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they are used to track objects or reduce bitstreams (i.e., compression) or reduce

processing time (by limiting us to regions of interest).

Our team evaluated a number of optical flow algorithms benchmarked at [42, 43].

We picked “Anisotropic Huber-L1 Optical Flow” (AHL1) algorithm [44], as it was

one of the fastest algorithms and was amicable to GPU parallelization. Then, the

GPU implementation discussed in [45] was created, which is based on the Matlab

code associated with [44].

exec. 
order

for each frame

pix   // downscale

for each pyramidLevel = 1..2

for each pixel
DownscalePixel()

// downscale

for each pyramidLevel = 2..0

for 1..10

for 1..50

for each pixel
Warp()

for each pixel
Iter()

for each pixel
UpscaleVector()

if pyramidLevel != 0

Figure 3: Nested Loop Structures of AHL1 Optical Flow.

Fig. 3 shows the structure of the optical flow algorithm that we had to implement.

It is a highly iterative algorithm. Every rectangle is a loop in Fig. 3. The frame and

pixel loops are typically found in almost every video processing algorithm. This algo-

rithm, in addition, creates a number of downscaled versions (2 in our implementation)
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of every input frame (i.e., DownscalePixel() in Fig. 3). With the frame itself (i.e.,

frame0), we have 3 versions of it (frame0, frame1, frame2). These frames are thought

of as different levels in a pyramid, with frame0 occupying the base, and with frame1

and frame2 occupying higher and smaller cross sections in that order. Since cross

sections of a pyramid parallel to its base are geometrically scaled down versions of its

base, a pyramid analogy is used. If the downscale ratio is r and frame0 has P pixels,

then frame1 has P/r2 pixels, and frame2 has P/r4 pixels.

AHL1 applies its iterative math on frame2 (the smallest downscaled frame) first.

Then, it takes the vectors found from frame2 and upscales them to match the frame1

(i.e., UpscaleVector() in Fig. 3). It starts the iterative motion vector computation

process of frame1 (i.e., for 1..10 loop and its nested loops in Fig. 3) with the vectors

computed (i.e., upscaled) from frame2 as the initial values. Then, it applies the final

vectors from frame1 to frame0 as initial vectors. Note that AHL1 algorithm can

only find a few pixels of motion (i.e., displacement) vector for each pixel. However,

applying it to downscaled versions of the input frame (and hence the previous frame)

not only speeds up the optimization but also allows us to compute large vectors at

the resolution of the original frame.

In Fig. 3, at every pyramid level, the body of the iterative algorithm (i.e., Iter())

is applied to a frame 50 times. After 50 iterations, the vectors found are taken as

initial values for the next 50 iterations, just like the case between pyramid levels.

As for applying the initial values, actually the frame is “warped” (i.e., Warp()) by

the “sum” of motion vectors found so far. That is, the initial motion vector is zero

but at each batch of iterations (50 Iter() calls) the input frame is not the same as

the original one, instead it is a warped frame. Note that Iter() is a quite heavy

code fragment with 86 floating-point operations and some integer operations. More

specifically, it has 30 floating-point multiplications, 23 subtractions, 16 additions, 9

divisions, 5 comparisons, 2 square-roots, and 1 absolute value operation.
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Fig. 3 shows the maximal version of AHL1 implemented by us, with 3 pyramid

levels, 50 Iter() per warp, and 10 warps (i.e., a total of 500 iterations per level). All

these parameters are adjustable in our generators. 500 iterations is for high-accuracy

use-cases. These parameter values were also used by [44] for a use-case of restoring

severely degraded historic video material via an optical flow-based interpolation. An-

other use-case for a large total of iterations per unit time is when the same hardware

is shared for multiple video streams.

Host

FPGA DRAM

PCIe / USB

Figure 4: Top Level of The System.

We will not go into the mathematical details of the algorithm as they are not

critical in carrying out the hardware implementation. What is most important is the

structure of the algorithm, the data and control dependencies among its substruc-

tures, and its computational complexity versus its throughput requirements (pixels

processed per second). Just like how a compiler does not need to understand the

reasoning behind a code it compiles but instead it needs to understand its flow and

dependencies, that is all we need to implement optical flow and most algorithms.

2.3 Benchmark Results

We evaluated the performance of the TV-L1 optical flow algorithm we used. For

this we fed two consecutive video frames to the algorithm in MATLAB. The ground

truths of these video frames are also available. The results produced by Matlab are

compared with the results that should be. Vector size and angular errors are listed.

In Table 1, errors are given according to the vector dimensions. The Fig. 5 created

according to this table.
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Table 1: Optical Flow Vector Size Errors.

W./I. 1 2 5 10 25 50 100 250 500

1 109.05 114.28 125.87 129.64 132.05 118.95 120.98 118.45 118.46

2 #N/A 114.27 #N/A 144.87 #N/A 159.35 149.84 149.50 147.73

5 #N/A #N/A 134.11 157.46 172.19 160.93 110.96 72.49 70.86

10 #N/A #N/A #N/A 158.78 #N/A 142.13 83.91 62.14 51.92

Figure 5: Vector Length Benchmark.

In Table 2, errors are given according to the angular errors. The Fig. 6 created

according to this table.

Table 2: Optical Flow Angular Errors.

W./I. 1 2 5 10 25 50 100 250 500

1 62.32 53.43 37.89 27.35 18.00 13.24 11.78 12.01 12.10

2 #N/A 53.32 #N/A 26.53 #N/A 11.57 9.89 8.71 8.64

5 #N/A #N/A 37.18 26.16 15.94 11.01 8.93 7.04 6.90

10 #N/A #N/A #N/A 25.80 #N/A 10.68 9.09 7.01 6.81
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Figure 6: Angle Error Benchmark.
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CHAPTER III

OPTICAL FLOW HARDWARE

The top-level of our overall system is given in Fig. 4. Unlike the acceleration oriented

frameworks mentioned in Section 1, our framework does not revolve around a host

processor. Although in a previous project [46] we implemented Ethernet and HDMI

interfaces, in this project we used a host processor as our video source and sink. That

is to say that our Host simply supplies the input video stream and collects the output

vector stream and does not have any supervisory role over the FPGA. The focus in

this work is on the FPGA.

Subsection 3.1 explains the top-level schedule and hence the top-level of our nested

pipeline (i.e., frame-level pipeline). Subsections 3.2 through 3.5 give the details of our

FPGA architecture. They also explain the lower levels of our nested pipelines. Finally,

Subsection 3.6 goes over the interplay of the host software with the FPGA.

3.1 Frame Pipelining

Fig. 7 shows the top-level schedule, hence, the frame-level schedule. Pipelining im-

plies “overlapping”, and our hardware design overlaps frames. That is, the processing

of a new frame starts before the processing of the current frame finishes, which is in-

dicated by, for example, “Vin f2” starting before “Vout f1” finishing in Fig. 7(b).

On the other hand, Fig. 7(a) shows the schedule of a straight-forward sequential

software implementation of the same set of blocks. The hardware offers a speed-up

over the sequential implementation due to its frame pipelining. Unlike the figure, the

hardware versions of blocks may be shorter, besides their overlaps, hence introducing

a further speed-up. Also the Vin and Vout blocks used for the hardware schedule

are a little longer than the software schedule. The reason for this is the time to copy
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video frames to the hardware DRAM.

The loop starting with the line “for each pyramidLevel = 2..0” in Fig. 3 (with

Warp(), Iter(), and UpscaleVector() inside) is shown as “Iters” in Fig. 7. Iters of

frame 1, for example, is shown as Iters f1. On the other hand, the loop starting

with the line “for each pyramidLevel = 1..2” in Fig. 3 (with DownscalePixel() inside)

is shown as “DS” in Fig. 7. Vin and Vout indicate “Video in” and “Video out”,

respectively. Every frame has to be input (i.e., streamed) to the FPGA by the Host

from a camera or storage over PCIe/USB (see Fig. 4). Then, over the same interface

motion vectors should be streamed out back to the Host on a per-pixel basis.

We shaded the blocks of odd-numbered frames (i.e., f1, f3, and so on) in order to

make the figure easily readable. We shifted Iters f2 and Iters f4 to the right a little bit,

because those Iters overlap with their consecutive Iters, and when they horizontally

line up with the Iters they overlap with, the readability of the figure suffers. The

overlap between Iters is not only because Iters is implemented with a pipeline of Iter

blocks but also because an Iter block is internally pipelined. That is, an Iter block

can accept a new pixel before it outputs the previous pixel. The amount of overlap

between two consecutive Iters (e.g., Iters f1 and Iters f2) is equal to I ·L−C, where I is

the number of Iter blocks, while L and C are respectively the Latency and Cycle-time

of an Iter block.

Vin is a process that is carried out by the Host, FPGA, and a PCIe or USB

interface bus between them (see Fig. 4). Host runs a software thread to stream a

video frame over PCIe/USB. The FPGA absorbs it in its corresponding asynchronous

FIFOs and immediately writes it into bigger circular buffers in the DRAM i.e., the

DCBs in Fig. 9. While Fig. 7 shows the frame pipelining along the time axis, Fig. 9

shows it at hardware level. DS and Iters involve the FPGA and DRAM. Vout is just

like Vin, and it is in the reverse direction, i.e., from the DRAM to the FPGA to the

Host. Although frame-level pipelining results in a repeatable schedule, the schedule
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is not hard-coded. It is instead a result of the interaction among the blocks through

asynchronous FIFOs. The schedule is determined by the slowest block in the pipeline,

i.e., Iters Pipe.

The top-level schedule may not be perfectly periodic at the microscopic level,

especially in the first few frames, but that is acceptable, because the DCBs act like

FIFOs and make the blocks work with each other in synchrony.

Vout
f1

Vin
f1

Iters
f1

Vin
f2

Ds 
f2

Vin
f3

Ds 
f3

Iters
f3

Vin
f4

time

Ds 
f1

Iters
f2

Vin f1

Ds f1

Iters
f1

Vout
f2

Vout
f3

Vout
f1

Vin f2

Ds f2

Iters
f2

Vout
f2

Ds 
f4

Iters
f4

Vin
f5

Vout
f4

(a) (b)

Ds 
f5 Iters

f5

Figure 7: (a) Software versus (b) Hardware Schedule of Frames.

3.2 FPGA Architecture

Fig. 8 shows the top level of the FPGA in our optical flow hardware design, strictly

from a structural (i.e., circuit) point of view.
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Figure 8: FPGA’s Top Level.

The blocks in Fig.s 8 and 9 have one-to-one correspondence except DRAM i/f

block. The DRAM and associated interface (i/f) logic in Fig. 8 turns into the

multiple DRAM Circular Buffers (DCBs) of Fig. 9.

The DRAM emulates concurrent DCBs through Time Division Multiplexing (TDM),

that is, the DRAM i/f serves DCBs with a particular priority scheme, but at such a

speed that, it looks as if they are operating concurrently. The DCBs with the associ-

ated read and write pointers behave like FIFOs. While a regular FIFO has one read

and one write pointer, the top DCB in Fig. 9 (stores the original frames) has one

write pointer (kept by Vin) and two read pointers (kept by DS and Iters Pipe). The

middle DCB keeps the frames that are downscaled once and has one write pointer

(kept by DS) and two read pointers (kept by DS and Iters Pipe). The bottom DCB

keeps the frames that are downscaled twice and has one write pointer (kept by DS)

and one read pointer (kept by Iters Pipe). One other difference between a FIFO and
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our DCB is that the DCB allows the read pointer advance only after a certain amount

of data arrives to it.

All DCBs keep 10 frames. This buffer size has been experimentally determined

with the goal of being able to smooth out DRAM traffic. On the other hand, we

buffer two full frames of the original video stream (i.e., 0 downscaled) and its 1-time

downscaled version as well as one one full frame of the 2-times downscaled video

in the circular buffers, before Iters Pipe starts functioning. These numbers come

from data dependencies. Also note that Iters Pipe processes the downscaled frames

(0 downscaled, 1-time downscaled, 2-times downscaled) in the reverse order (2-times

downscaled, 1-time downscaled, 0 downscaled) as also indicated by the order of indices

in the pyramidLevel for-loops in Fig. 3 (1..2 versus 2..0).

Vin

DS Iters
Pipe

Vout

PCIe/USB i/f

DCB

PCIe/USB bus

D
C

B
 M

u
x

DCB

DCB

Figure 9: FPGA’s Top with DRAM Circular Buffers (DCBs).

Iters Pipe in Fig.s 8 and 9 is, by far, the most sophisticated block in our design.

It implements Iters of Fig. 7. Since it has 3 nested pipelines (Iter level, pixel level,

and arithmetic unit level), we call it “Iters Pipe”. Fig. 10 shows the internals of Iters

24



Pipe.

The Iters Pipe drawn in Fig. 10 has 2 Iter() per 1 Warp() call as opposed to the 50

in Fig. 3. The 10 Warp() calls in Fig. 3 can be in this particular design any multiple

of 2, as the design has the capability to circle back on itself. For example, if we

want to warp 10 times as in Fig. 3, pixels go through the pipeline 5 times. DCBmux

(shown in Fig.s 9 and 10) streams in the frame to be processed from DRAM by feeding

pixels into Iters Pipe one by one. Unless the frame resolution is very low, pixels start

emerging from the output of the pipeline before DCBmux finishes streaming in the

pixels of the input frame to be processed. Hence, the output of the pipeline has to

be buffered in DRAM in a DCB. As soon as streaming of the input pixels is finished,

the buffered output pixels are streamed in through the 2:1 Mux when it selects its

input coming from the DCB. Note that DCBmux and Vout are drawn with dashed

lines in Fig. 10 as they are not part of Iters Pipe.

US in Fig. 10 represents the Upscaler. As explained earlier, we go from the higher

levels of the pyramid towards the bottom. As we do this, we need to map the vectors

we computed from low-resolution versions of the frame to higher resolutions. In order

to do that, we need an upscaler (US). However, the US needs to function only at the

end of a pyramid level. If we have to circle through Iter Pipe multiple times for one

pyramid level, then US is bypassed through the Mux in front of it except for the last

run through the pipeline.
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Figure 10: Iters Pipe Block with Line Buffers (LBs).

3.3 Iter, Pixel, and Arithmetic Pipelining

Fig. 11 shows how Iter calls of pixels are pipelined, hence overlapped in time, given

a representative frame of 8 pixels. The left hand side of Fig. 11 shows sequential

execution and corresponds exactly to the order of computations in Fig. 3. There, we

execute the first Iter over all pixels of a frame, one pixel at a time, then it executes

the second Iter over all pixels of the same frame, then the third Iter, and so on. The

right hand side of Fig. 11, on the other hand, shows how we do the same processing in

Iters Pipe. A new pixel’s Iter is started before the current pixel is completed. Every

upright rectangle in Fig. 11 corresponds to an Iter call on one pixel from its launch

time to its completion time. In other words, the height of the rectangle is “pixel

latency”. The time difference between the launch time of pixels is, however, “pixel

cycle-time” and is one of the most critical parameters of the design in terms of the

throughput, namely, frames per second (fps). Iter Pipe is “stallable” though, that

is, if pixels arrive slower than cycle-time and also arrive with non-periodic timing, it

still works. On the other hand, pixel streaming over PCIe/USB and DRAM buses

are done in burst mode for efficiency reasons with bubbles in between.
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The first Iter block on the left in Fig. 10 does the computations marked with Iter

1 in Fig. 11, while the Iter block to its right in 10 does the computations marked with

Iter 2. We had stated that these blocks in Fig. 10 (Iters Pipe) form a pipeline, and

indeed, they form a pipeline as can be seen in Fig. 11, because they overlap in time.

Therefore, we have shown here that we both have an Iter as well as a pixel pipeline.

In addition to Iter-level and pixel-level pipelining, the Floating Point arithmetic Units

(FPUs) are pipelined. Hence, with the outer frame-level pipeline, we have 4 nested

pipelines.

pixel cycle-time
pixel 1

time

not pipelined

Iter 1

Iter 2
Iter 1

Iter 2

pixel 2

Iter
cycle-time

pipelined

pixel
latency

te11
tb12

Figure 11: Iter Calls and Pixels Pipelined.

In Fig. 11, the time point te11 indicates the end of pixel 1’s Iter 1 (hence the

subscript e11), while the time point tb12 indicates the beginning of pixel 1’s Iter 2,

(hence the subscript b12). The difference between te11 and tb12 is equal to the wait-

time of a pixel in an LB in Iters Pipe, which is one line of pixels, hence the number
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of pixels in a line times pixel cycle-time.

Note that while Iter pipeline is a simple “hardware pipeline”, the pixel pipeline

is a “functional pipeline” (a.k.a. loop pipelining) [47]. A hardware pipeline is a

chain of hardware blocks coupled through storage elements (registers or FIFOs). A

functional pipeline is, on the other hand, is about overlapping consecutive iterations

(pixel processing in our case) and coming up with a new schedule and implementing

that schedule. In a functional pipeline, the pipelining is taken care of when the

scheduling is done. It actually requires unrolling the loop and rerolling (a.k.a. loop

folding) [48]. Fig. 12 shows how functional pipelining is carried out. In this particular

case, the latency is 3 times the cycle-time. Compare Fig. 12 to Fig. 11; instead of

the 8 pixels at the top right of that figure, here we have 5 pixels. Note that, in our

case, prelude and postlude can be handled by disabling the outputs from the pipeline

instead of implementing different schedules.

Unrolled Loop

cycle-time

time

Prelude

Steady
State

Postlude

Cn-2 Bn-1 An

Rerolled
Loop

A1

B1

C1

A2

B2

C2

C3

B3

A3

B4

C4

A4

Latency

Figure 12: Functional Pipelining is Illustrated.
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Figure 13: Circulating Around the Iter Pipe.

The pipeline in Fig. 10 offers 2 Is (i.e., Iter() calls) per W and 2 Ws (i.e., Warp()

calls). Suppose we would like to do 4 Ws and 2 Is per W. Then, we would go around

the pipe twice. In Fig. 13, the first parallelogram shows the first round of pixels going

through the pipe, while the second parallelogram shows the second round. The top

(inclined) edge of the parallelograms indicate pixels entering the pipe in a staggered

fashion in time. The bottom of the parallelograms indicate the pixels coming out of

the pipe. Note that the time that pixels wait in the LBs in between W-I, I-I, or I-W

are included in W and I times in Fig. 13.

Before we feed the output of the pipe from the right back into the pipe on the

left, we must wait until all pixels of the frame are fed into the pipe. That is what
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Fig. 13 shows. The point denoted by “last pixel of the frame” is when the last frame

enters the pipe and right exactly that point in time is when we can start feeding the

pixels output from the first round. In between, we have to buffer the output pixels

of the pipe in a DCB.

3.4 Internals of Iter Block

An Iter block in Fig. 10 can be regarded as two blocks as shown in Fig. 14. The line

buffer LB there is the same as the LB in Fig. 10. IterTop, LBinternal, and IterBottom

put together form the Iter in Fig. 10. The letters r in the LBs in Fig. 14 show the

pixels read. An LB is like a FIFO, except that multiple pixels are read instead of

a FIFO’s one read, and usually it starts working after it fills up and it stays full.

The letter w shows the write pointer and points to the first empty slot. The letter

c indicates the “current pixel”, the pixel for which the output values are computed.

LB and LBinternal are both one-line (plus one pixel) long buffers. However, there is

a slight difference between them. LB adds a bubble of pixel cycle-time times the line

width (in terms of number of pixels) to the latency of a pixel (see the gap between

Iter 1 and Iter 2 in Fig. 11, while LBinternal does not add any bubbles to the latency.

That is because the current pixel is the oldest pixel in the buffer in LB’s case, whereas

it is the newest pixel in the buffer in LBinternal’s case.

LB and LBinternal can be implemented by a 1-read and 1-write memory block,

even when cycle-time is 1 cycle. This is possible by keeping the shaded pixels in Fig.

14 in shift registers (sort of like a cache) and by just reading the tail of the LBs and

writing into its head, which is a quite standard trick (see 15). One other thing to

note about LB (but not LBinternal) is that it has a regular FIFO (with 4 slots) at

its input, and that makes the design stallable.

Iter() in Fig. 3 involves 81 floating-point operations, which comprise of 16 addi-

tions, 23 subtractions, 28 multiplications, 8 divisions, 4 comparisons, and 2 square
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roots. It also involves 6 integer operations. All these operations have to be completed

in one pixel cycle-time. We can divide the number of floating point operations by the

cycle-time and calculate the number of FPUs necessary.

We can have fully packed schedules, that is, they can be used every clock cycle

as there are no “backwards inter-iteration dependencies” within the same Iter stage.

This can be achieved by properly elongating the schedule of Iter (hence by increasing

the latency) [49]. Note that an inter-iteration dependency is a data dependency of an

operation to an operation in a previous iteration. On the other hand, a backwards

inter-iteration dependency occurs when the inter-iteration dependency forms a loop

in the Data Flow Graph (DFG [47]).

The designs we validated on FPGA boards (3 different) have a pixel cycle-time

(a.k.a. initiation interval [47]) of 10 cycles. Therefore, we need 4 adder/subtractor

FPU (= ceiling((16 + 23)/10)), 3 multipliers, 1 divider, 1 comparator, and 1 square

root FPU. Adder/subtractor (selectable) FPU has a latency of 11 cycles, multipli-

cation 5, division 14, comparison 1, and square root 28 cycles. The latency is 226

cycles. Note that the critical (i.e., longest) path of the DFG of Iter is 204 cycles. The

extra 22 cycles comes from limited resources (i.e., FPUs).
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Figure 14: Internals of Iter.
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Figure 15: Shift Registers of (a) LB and (b) LBinternal.

We have implemented the functional pipeline in Iter block with HLS. We mainly

used our own HLS tool (MAFURES) [49], which we will discuss in Subsection 4.3.

However, we are able to implement it with Xilinx Vivado HLS [50] as well. The FPUs
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are produced by the respective IP core generators of the FPGA vendors. MAFURES

is designed with Altera FPUs in mind. For Xilinx, we have wrappers that make their

FPUs look like Altera FPUs. Note that we use HLS only to synthesize the resource-

shared datapath of Iter, which takes in all inputs from parallel ports at the beginning

of the first cycle of the cycle-time. We have a logic block that we call “wrapper”,

which contains the FIFO, LBs, shift registers, and more so that the data input and

output assumptions of the HLS is satisfied.

3.5 Internals of Scaler and Warp Blocks

We have a downscaler (DS) and an upscaler (US). The DS is shown in Fig.s 7, 8, and,

9. The US is shown in Fig. 10.

In [51], we describe an efficient DS design that works with any downscale ratio.

Although this work is focused on DS, the same approach can be used for US. In both

designs, we compute a weighted average of 4 neighboring pixels of the original frame

in order to compute the downscaled or upscaled pixel.

Note that in the designs we validated on our FPGA boards, we used down-

scale/upscale ratio of 2. That resulted in a relatively simple design compared to

[51].

The Warp design is similar to DS/US as it also does a weighted average of 4

neighboring pixels, except that the 4 pixels are not accessed in raster-scan order but

through the previously computed motion vectors. In a way, they are random-access.

Although Fig. 11 assumes only Iter blocks in the pipeline, the picture with Warp

blocks in the pipeline as in Fig. 10 would not be too different. Warp would also be

shown in Fig. 11 as a group of staggered pixel boxes but the pixel boxes would have

a different height compared to the ones in an Iter. Just like the overlap of Iter blocks,

Warp block also overlaps with the following Iter block. Also, Warp requires more

lines in the LB at its input. It has 8 lines, a number which is based on the largest
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vector that can be computed between two warps.

Although Warp() is, in principle, similar to DS and US, it in fact involves a much

larger number of operations compared to them. That is because it warps several

different quantities. It also requires several operations to compute the coordinates

from which to warp. Its boundary condition checking is more complicated than DS

and US. Warp() involves 89 floating-point operations, which comprise of 41 additions,

30 subtractions, 18 multiplications. In addition, it has 20 float2int and 35 int2float

operations as well as 33 integer operations. Just like Iter, all these operations have

to be completed in one pixel cycle-time. The latency is 229 cycles, while the longest

path of the DFG is 192 cycles.

3.6 Host Implementation

We have a software running on the Host that is comprised of 5 threads:

1. Video capture (from hard disk, webcam RTSP stream, etc.)

2. Stream video to the FPGA (Vin in Fig. 7)

3. Receive the output stream from the FPGA (Vout in Fig. 7)

4. Post process Vout stream

5. Display the output stream

These threads form a long pipeline together with the blocks in hardware (FPGA)

as shown in Fig. 16, where they are marked from 1 to 5. If the software part of

the system had not been pipelined (through multi-threading), the hardware pipeline

would have been of no use, and the system’s cycle-time (frame time) would be equal

to the system’s latency.

The heartbeat of the pipeline is one frame time (i.e., 1/fps). That is also the

latency of all hardware and software blocks (i.e., threads) except for Iters Pipe. Since
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it is a pipeline in itself, its latency does not have to be one frame time. It can even

be one plus a fractional number. The pipeline stages are isolated from each other

through some sort of FIFOs. They are “Queue” classes in the case of software part of

the pipeline. In the case of the FPGA part of the pipeline, they are DCBs in DRAM

(explained earlier) or SRAM FIFO (made using FPGA Block RAM).
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Figure 16: The Complete HW/SW Pipeline.

The output of the FPGA application is shown in Fig. 17. This image is the visual

optical flow result that is produced from the current and the previous frame. Sta-

tionary parts stay white while moving parts of the images are color-coded. Different

colors show different motion vector directions, and the intensity of the color shows

the magnitude of the motion vector.
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Figure 17: Output of the Optical Flow Algorithm.
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CHAPTER IV

TOOLS AND TECHNIQUES

While doing our family of designs, we used a rich set of tools and techniques that can

benefit many FPGA-based (even ASIC-based) designs, mainly in video processing.

Subsection 4.1 gives an overview of our methodology and the tools/techniques

used within and how they can benefit other video processing or similar designs. Some

of the tools and techniques we used have already been explained with significant detail

in previous sections. For those that need further explanation, we have subsections in

this section.

4.1 Overview of the Tools and Techniques

Our overall methodology, shown in Fig. 18, is quite typical. “Design” refers to

writing or generating the design in Verilog. “Verification” refers to simulations. When

verification catches bugs, we go back to design and fix the bug. Once verification

passes, we synthesize. If “Synthesis” does not meet timing or does not produce a

design that fits the FPGA, we go back to the design step. If synthesis passes timing

and resource constraints, we go to “Validation”, which refers to testing the design on

the actual hardware platform (which includes the FPGA).

What is unique in our methodology is how we carry out the “Design” step in the

above methodology. Fig. 19 shows what happens in our case inside the Design box in

Fig. 18. Note that we have a few unique approaches in “Verification” and “Synthesis”

as well.

Our (video) algorithms engineer coded the algorithm in Matlab just like so many

of their counterparts (who may also code in C or some other high-level language).

The dotted line in Fig. 19 shows the interface of the algorithms group and hardware
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group. The first thing we do is to convert the code to Java (C could also be used),

as it makes the loops explicit and makes the operations scalar. HLS works on scalar

operations. Then, what we have to do is to “Capture Requirements”. However,

the requirements cannot be captured simply from the Java code. The exact I/O

ports of the FPGA, i.e., where the input video comes from, the output video goes

to, and the throughput of the system (pixels per second) are not found in Matlab or

Java code as these are purely functional languages. To capture all requirements, the

hardware team needs to hold discussions with the algorithms team. Given the Java

code, the “Compute Structure” (similar to Fig. 3) and performance requirements

(i.e., operations per second) can be extracted.

Based on all that, clock frequencies and whether a DRAM will used can be decided.

Usually, there are many different options for a given pixel processing performance

with different area, power, and DRAM bandwidth. For example, in our case, we

can lower pixel cycle-time in Iters Pipe and hence can lower the number of Iter

blocks in Iters Pipe. That gives us better utilization of FPUs but increases DRAM

bandwidth as fewer Iter blocks requires that we circulate around Iters Pipe more.

That requires us to access the DCBs in DRAM more. We can do all these trade-offs

in our architectural estimator, i.e., a tool that has been developed as part of our

design approach for optical flow. The “Estimator” can be thought of as part of our

“Capture Requirements” step.

“Extract Basic Blocks” divides the overall Java code into “Basic Blocks” such as

the body of an innermost loop. Think of these as formulas, and HLS builds a datapath

using resource-sharing for each formula. HLS-generated formula compute engines are

plugged into our design architecture. Our “Generate Design Architecture” process

uses some automation and some manual design, uses HLS-generated cores, and IPs

(especially for the interfaces) and integrates everything. This process is shown in Fig.

21.
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We will now list the tools and techniques that we used in our optical flow design,

and which, we think, might be useful for other designs. Each will then be explained

in its own subsection.

• Nested Pipelining

• Architectural Estimation

• HLS and Code Generation

• PCIe/USB/DRAM Interface Framework

• Flow Based Verification

• Synthesis Batch Runs

VerificationDesign

Synthesis Validation

Figure 18: Our Implementation Methodology.
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4.2 Nested Pipelining

In Subsections 3.1 and 3.3, we have explained the nested pipeline in our optical flow

design in quite detail. In this subsection, we will explain how our nested pipelining

can be applied to other video processing designs. Our nested pipeline processes frames

of video. For every frame it applies Iter and Warp functions repeatedly to the frame

multiple times. These functions do what they do on pixels of a frame. On top of it,

40



the floating point and integer function units (FPUs, etc.) of these functions are also

pipelined.

Almost every video processing hardware can use all of these types of pipelines

except the pipelining between the repeated instances of Iter and Warp units. Other

video processing algorithms may not be applying the same function over and over

again. Actually, that only results in an Iters Pipe with different pipe stages in Fig.

10. The only case that does not exactly fit our paradigm is when we have more Iter

calls than the Iter blocks in the pipeline, and we have to circulate over the pipeline.

That is to say that all our nested pipelines can be applied to other video processing

problems; the only problem is with “circulation”, which is actually not pipelining.

However, even that can be applied to other designs that have many functions

applied to a frame back to back. Let us suppose instead of our repeated Iter and

Warp calls, we have foo1(), foo2(), foo3() through foo12(). Then, Fig. 10 becomes

the pipeline in Fig. 20. The pipe stages there are multifunctional. For example, the

leftmost pipe stage executes either foo1() or foo7(). The HLS problem here is similar

to (but not exactly the same as) scheduling two disjoint DFGs (respectively for foo1

and foo7) to twice the number of clock cycles as pixel cycle-time.

One other thing that is unique about our pipelines is that the cycle-time of the

pipeline is not equal to the latency of the longest pipe stage. For example, in Fig.

7, the timing of the top-level pipeline (Fig. 9) is shown. The pip stage there with

the longest latency is Iters Pipe but the cycle-time of the pipeline (i.e., frame time)

is shorter than that latency, which is indicated by Iters overlapping in 7. That is

possible because Iters Pipe contains a pipeline internally.
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Figure 20: Reusing (Circulating) the Whole Pipeline.

4.3 HLS and Code Generation

This subsection describes our code generators, namely, Pipe Generator, Wrapper

Generator, and HLS (see Fig. 21). This process is mostly automated, except where

it says “manual”.

Iters Pipe (Fig. 10) and some of its building blocks are automatically generated.

The top-level of the pipeline, generated by an approximately 600-line Perl script, can

be as many as 16k lines of Verilog for a 50-Iter pipeline.

Iter and Warp modules are both synthesized through our own in-house HLS tool

(MAFURES). LB as well as LBinternal and the part of Iter block that interfaces to

the LBs are generated from what we call “wrapper generator”. The DRAM client

block that implements the DCB in Fig. 10 is a manually written module but highly

parameterized. It is quite sophisticated; it keeps track of frame resolution, where we

are in the pyramid, how many times we are circling around the pipe, buffer sizes, etc.

The wrapper generator reads in an input configuration file with a few lines that
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describe the LBs in terms of r and c pointers in Fig. 15 and buffer size. As a result, it

generates the read/write and reset logic for the LBs. It also generates the necessary

buffering and logic for “forward inter-iteration dependencies”.

Since the architecture of our Iters Pipe is applicable to other design problems, our

pipe generator, wrapper generator, and highly parameterized DRAM client are also

applicable to other design problems with not much modification.

Function Unit
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(manual)

Binding

Parsing

Scheduling
and 

Allocation

Multiplexing
Minimization

Register Sharing

RTL Generation

Verilog code

MAFURES HLS

Extract Basic Blocks
(manual)

Matlab code

Wrapper 
Generator

Pipe 
Generator

Verilog code

Convert to Java
(manual)

Java code

Capture Requirements
(manual)

Figure 21: How Our Code Generation Works.

Having said all of this, the most crucial, biggest, and most general-purpose code

generation we do comes out of the HLS. We have developed our own HLS tool.
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However, we are also able to use Vivado HLS. It is very difficult to do FPGA design

with a traditional approach when the video processing algorithm to be implemented

is not completely frozen. Even a small update in the algorithm could cause all the

hardware work done so far to become garbage. In such cases, it is best to use a HLS

tool that can generate code from the high-level code that describes the algorithm

(e.g., Matlab, C, Java, or similar). Because it is much easier to make changes in a

high-level language. Only new code generation is required after the change if a HLS

tool is used.

We call our HLS tool MAFURES, short for “Multiplexing Aware FUnction and

Register Scheduler” [49]. MAFURES generates concise Register Transfer Level (RTL)

Verilog code, i.e., hence synthesizable by a simple-minded logic synthesis tool. Since

MAFURES’ output is concise (i.e., much fewer lines compared to its counterparts),

it is readable, therefore, more easily debuggable. One other consequence is that

simulation runs faster. MAFURES is multiplexing (muxing) aware, that is, (i) it

tries to minimize muxing and (ii) schedules muxes into their separate clock cycles.

Mux minimization produces fewer muxes and muxes with fewer inputs. Therefore,

it both minimizes area and maximizes clock frequency. MAFURES also offers the

option of not sharing registers. That eliminates muxes at register inputs, which lowers

combinational logic used, may improve clock frequency, but increases the number of

registers needed.

Mux scheduling, on the other hand, maximizes clock frequency but may increase

area. Mux scheduling may have an adverse effect on fps maximization. That is

because fps is proportional to both clock frequency and the number of Iter blocks we

fit in our FPGA. Although mux scheduling improves clock frequency, since it uses

more area, the number of Iter blocks may go down. Muxes can be scheduled to

their separate clock cycle in most video processing designs. That is because video

processing algorithms usually do not have backwards inter-iteration dependencies
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and hence the schedule can have arbitrarily large latencies (which are longer than the

cycle-time).

Although MAFURES has a separate mode for mux scheduling, the same result

can be reached by inserting registers at the inputs of the FPUs (in addition to the

registers we already have at FPU outputs) and increasing FPU latencies by one cycle.

MAFURES, like any other HLS tool, carries out parsing (Java basic block to

DFG), scheduling, allocation, binding, mux minimization, and register sharing as

shown in Fig. 21. In terms of how exactly it does these, it may be slightly unique.

In terms of parsing, it can handle if statements. It does scheduling and allocation

as a combined step. In terms of binding operations to FPUs, it uses only one type

of FPU for every operation. It reads the FPU from a library file (coming from

Function Unit Characterization in Fig. 21) and does not trade-off among multiple

FPU implementations. In mux minimization, it tries to make the number of mux

inputs before all FPUs equal as much as possible. To do that, it tries to move an

operation from the FPU it was initially allocated to another FPU without changing

its schedule. It can include the muxes that come from if statements. In register

sharing, it offers no register sharing as well as multiple register sharing algorithms.

MAFURES is a quite general-purpose HLS tool. It can even be used for appli-

cations outside the area of video processing. It currently supports synthesis of basic

blocks with scalar inputs. For vector inputs (i.e., arrays), wrappers are needed, and

we have wrapper generators for our specific applications. The original version of

MAFURES, with which we produced most of our synthesis results, handles simple

single operation statements. However, it also can handle if statements. Currently,

we have a beta version of a parser that can handle a variety of complex expressions.

The only application-specific aspect of MAFURES is that it assumes there are no

backwards inter-iteration dependencies, which does not impose any constraint on the

latency. Our latencies are usually very high (a few hundred cycles) with respect to
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our cycle-times (usually between 1 and 20). That is because we use FPUs (Floating

Point Units), which have long latencies. When we schedule operations on to FPUs,

we have a greedy approach (ASAP heuristic). We start from the earliest clock cycle

and allocate the operation to be scheduled (op) to the first available (i.e., not busy)

FPU (with capability to execute op) available in that cycle. If all FPUs that can

execute op are busy, we try the next cycle. If the FPUs are all busy in the last

cycle also, we “wrap around” to the first cycle and decrement the iteration count of

the operation. That, in a way, introduces a new forward inter-iteration dependency,

requiring special buffering in the wrapper.

4.4 Interface Framework, Development, and Verification

It is very important that the FPGA can communicate with the outside of chip. The

interface framework developed for this purpose and the methodologies used during

development are described in the subtitles.

4.4.1 PCIe/USB/DRAM Interface Framework

Table 3 shows our approach to developing Host/FPGA interfaces (PCIe and USB).

Our layered, and hence modular, approach offers us portability, which implies faster

development. That means we have a high degree of reuse–shown with R’s in the table.

Table 4 shows our DRAM interface design approach using the same symbolism.

Let us now explain how to read Table 3 and Table 4. We implemented our design

on 3 hardware platforms:

1. Terasic DE-150 board with Altera Cyclone IV FPGA, PCIe gen 1.0, and

SDR SDRAM

2. Linera FMU3G-S6 board with Xilinx Spartan-6 FPGA, USB 3.0, and DDR2

SDRAM
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Table 3: Layers of the Host Interfaces and Their Reuse.

LL

HL

CP

FP

HL: Higher Layer software    LL: Lower Layer software
FP: Farther from Pins    CP: Closer to Pins 
R: Reused    P: Pluggedin G: Generated    M: Modified    N: New
PL: Physical Layer

PCIe Cyclone IV PCIe Arria 10 USB Spartan-6

N 1: Host App R 2: Host App R 2: Host App

N 1: App-RIFFA API R 2: App-RIFFA API R 2: App-RIFFA API

P 1: RIFFA API R 2: RIFFA API N RIFFA-USB API

P 1: PCIe 1.0 Driver P 2: PCIe 3.0 Driver P 2: USB 3.0 Driver

G 1: PCIe 1.0 PL Soft IP G 2: PCIe 3.0 PL Hard IP P USB 3.0 PL IC

P 1: RIFFA IP R 2: RIFFA IP
P USB IP

N USB-RIFFA Bridge

NR 1,3: Bus Controller M 2: Bus Controller R 4: Bus Controller

NR 1,3: Vin and Vout M 2: Vin and Vout R 4: Vin and Vout

N 1: FPGA App R 2: FPGA App R 2: FPGA App

3. Nallatech 385A board with Altera Arria 10 FPGA, PCIe gen 3.0, and DDR3

SDRAM

The columns in the two tables correspond to the above hardware platforms. Al-

though we worked on them in the above order, we placed hardware platforms 1 and

3 next to each other in the tables, because they both use PCIe, and hence, it is more

important to see how they relate to each other than to see how they relate to the

USB-based platform.

The rows of the two tables, on the other hand, correspond to the layers in our

layered approach. In Table 3, the higher layers (in gray) are software layers running

Table 4: Layers of the DRAM Interfaces and Their Reuse.

SDR Cyclone IV DDR3 Arria 10 DDR2 Spartan-6

G 1: SDR Soft IP G 2: DDR3 Hard IP G 2: DDR2 Soft IP

N Avalon-Native Bridge

NR 1,3: DRAM Controller M 2: DRAM Controller R 4: DRAM Controller

N 1: RW Queues R 2: RW Queues R 2: RW Queues

N 1: FPGA App R 2: FPGA App R 2: FPGA App

FP: Farther from Pins    CP: Closer to Pins 
R: Reused    G: Generated    M: Modified    N: New

CP

FP
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on the Host, going from the Host Application (marked with HL, i.e., Higher Layer)

to the software driver level (marked with LL, i.e., Lower Layer). Then, we go over

the PCIe or USB wires (corresponds to the horizontal line between the gray area and

the white area underneath) to the FPGA pins and then on to blocks in the FPGA

farther and farther away form PCIe/USB pins (hence the labels CP and FP).

Let us first examine the leftmost column in Table 3. The topmost cell in the

column is Host App(lication), which in our case corresponds to the threads 2 and 3

in Fig. 16. These apps use functions in an API (Application Programming Interface)

written by us (i.e., App-RIFFA API). This API is shown in the second row from

the top. The layer below is the API that comes with RIFFA, which is a high-level

hardware/software framework that supports PCIe 3.0 and below and works across

many hardware platforms. RIFFA [52] stands for “Reusable Integration Framework

for FPGA Accelerators” and presents the same API to its users, irrespective of the

version and parameters of the particular PCIe on the host platform. The particular

version of RIFFA we finally used is 2.2.

To the left of the cell that has RIFFA API in it in the leftmost column of Table

3, there is the letter P, which is short for “Plugged in”. That indicates that RIFFA

API was not developed by us and was plugged in as a ready-made (software) module.

That is in contrast to Host App and App-RIFFA API. These have the letter N

to their left, which indicates that they are “New”, i.e., they were new development

works by us. These were then “Reused” (hence the letter R) in our implementations

on the other hardware platforms (PCIe Arria 10 and USB Spartan-6) without any

changes, resulting in complete portability.

The lowest layer (LL) of the software part of the PCIe interface on PCIe Cyclone

IV platform is the PCIe 1.0 Driver, which was also plugged in (P). The lowest layer

in software interfaces to the lowest layer in hardware (FPGA), which happens to

be “Closest to Pins” (CP). That is PCIe 1.0 PL Soft IP. PL stands for “Physical
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Layer”, while IP stands for “Intellectual Property” (i.e., hardware library block). This

particular block is Soft IP, meaning that there is no fixed block (i.e., hard macro) for

this job on the FPGA. It is a synthesizable block “generated” (hence the letter G)

differently based on the specific PCIe parameters supplied by the user through the

appropriate IP core generator wizard (GUI). Next layer up in the hierarchy of layers

is RIFFA IP, a parameterized hardware block, which works with the RIFFA API on

the software side. RIFFA IP is also plugged in, i.e., not generated.

The case of the Bus Controller is rather different and unique. We first developed a

high-level bus controller for our Cyclone IV platform. The bus controller gathers the

read/write requests for the PCIe/USB bus and carries them out in such an order that

the bus is efficiently used and yet the requirements of the clients are satisfied. This

requires appropriately sized bursts and an appropriate arbitration between different

client queues (i.e., FIFOs). When we wanted to use this bus controller for the Arria

10 board, we realized that it had to be modified (hence the letter M) to cope with

the much higher bandwidth requirements of the Arria 10 based system. However, we

did it in such a way that it is backwards compatible with the Cyclone IV. To recap,

Bus Controller was a N(ew) design for Cyclone IV, then was M(odified) for Arria 10,

then was R(eused) by Cyclone IV. Table 3 does even state this order. Number 1 to

the left of Bus Controller cell in Cyclone IV column indicates that it was the first

one designed. Number 2 to next to Bus Controller for Arria 10 indicates that it was

designed next. Number 3 next to Cyclone IV’s Bus Controller indicates that it was

redesigned after number 2. Number 4 next to the USB Spartan-6’s Bus Controller

indicates that it was taken care of next by, in fact, through reuse.

Actually, we first did the USB Bus Controller in an ad hoc way, and then, revisited

it and cleaned it up. In doing that, we decided to reuse the bus controller we did

for Arria 10, which interfaced to RIFFA IP. Therefore, we wrote a “Bridge” from
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RIFFA interface to the interface that the USB IP that came with Linera’s USB-

based Spartan-6 board, which yet uses an integrated circuit (IC) for USB physical

layer.

We carried out development effort for Vin and Vout modules (of Fig.s 8 and, 9)

in parallel with the Bus Controller. That is why the N, M, R tags and the numbers

next to them are identical to the ones for the Bus Controller.

As a result of our approach, as you can see, not only we achieved perfect reuse

(hence portability) for the Host Apps but also for the FPGA Apps, that is, for our

optical flow FPGA design. Without this, our FPGA design job would be extremely

difficult, because it is already very complex, and without this framework, we would

have to modify it for each platform.

Once Table 3 is understood, Table 4 can easily be deciphered. In the case of

our DRAM interfaces, there is no software involved as it is only interfaced by the

FPGA. The DRAM Controller here involved a very similar development path, and

we achieved perfect reuse not only for the FPGA App but also our DRAM Read/

Write Queues (i.e., FIFOs). Avalon in Table 4 is an Altera SoC Bus, and since we

mostly worked on Altera platforms, our DRAM Controller interfaces to the Avalon

Bus. This is similar to our Bus Controller for PCIe and USB interfacing to RIFFA.

Therefore, just like we have a RIFFA-USB Bridge in Table 3, for our USB-based

DRAM interface, we have an Avalon-Native Bridge, where Native is a peer-to-peer

Xilinx interface.

Note that the numbers we have in all rows (1:, 2:, etc.) indicate the order of our

development activities. If we do not have a number on the left of a cell, that means

it could have been developed before or after or concurrently with the similar blocks

in other columns.

Our expectation from this part of our work was fast turn-around times for porting

design to new platforms. That requires high reuse. In our two tables, not only cells
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labeled with R show reuse but also the ones labeled with P and G show reuse. P

and G show reuse of others’ IPs. Assuming our N(ewly) developed layers will mostly

continue to be reused, one possible metric of our level of reuse is the ratio of “all cells

in the two tables except the ones labeled with N and M” over “all cells in the two

tables except the ones labeled with N”. That gives us a reuse ratio of 91%, which is

impressively high.

Our hope and expectation is that through our work here within the context of this

section will result in quick development of streaming interfaces for video processing

and other types of applications. Currently, we used our framework for an image fusion

application as well as an optical wireless communications application.

4.4.2 Interface Development and Verification Methodologies

In general, the design development and validation process on FPGAs are very difficult.

However, the design of the interfaces to communicate with the outside of the chip or

with other modules is much more difficult. The main reason for this difficulty is the

strict rules that must be observed when designing the interface. Communication is

not possible with the smallest error or shortage.

This subsection will describe the methodology that should be followed when an

interface development problem is encountered that has not been experienced before.

The operations to be performed for the interface can be divided into two parts,

in-chip and out-of-chip.

If an IP is not used in the design, the designer is free to decide how to commu-

nicate between the modules it has developed. The designer can use a standard to

communicate, but this is optional. However, there are some points to pay attention

to if IPs designed by other designers are to be used in their own design. The most

common types of interfaces used by designers need to be known. These are listed

below.
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1. AXI, Xilinx

2. Avalon, Altera

3. Wishbone, Opencores

AXI (Advanced eXtensible Interface) interface is used by Xilinx. Developed by

ARM company. There are many variants of the AXI interface. 3 varieties are fre-

quently used by IP developers. There are some of examples of the work done with

the AXI interface [53, 54, 55, 56] mentioned.

Frequently used species are listed below.

1. AXI4

2. AXI4-Lite

3. AXI4-Stream

AXI4 offers a memory mapped design option. It allows transfer of up to 256 data

at a time. AXI4-Lite offers a simpler interface. Used in low throughput needs. It is

usually preferred when the value of a register needs to be read. The AXI4-Stream

can transfer unlimited data bursts. This interface is not memory mapped.

The AXI interface has 5 channels. These are dataWrite, dataRead, addressWrite,

addressRead, and writeResponce. Fig. 22 shows the read, Fig. 23 shows the write

channels.
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Master Interface Slave Interface

Read Data

Address and Control

Figure 22: AXI4 Read Channels.

Master Interface Slave Interface

Write Response

Address and Control

Write Data

Figure 23: AXI4 Write Channels.

All the details of the AXI signals can be viewed at [57] reference.

When IPs that Altera provides are used, an interface called Avalon needs to be

deployed. Examples in the literature are [58, 59, 60, 61]. Avalon bus also has many

types. There are three species that are frequently used. These are listed below.

1. Avalon-ST, Streaming

2. Avalon-MM, Memory mapped

3. Avalon-Conduit, Individual signals
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Detailed information about the signals in the Avalon interface is available in ref-

erence [62].

Finally, many IPs in OpenCores are usually designed to conform to the wishbone

interface standard. Work on the Wishbone interface can be found in references [63,

64, 65, 66]. There are four different search options. These are listed below.

1. PointToPoint

2. Data Flow

3. Shared Bus

4. Crossbar Switch

Wishbone signals can be viewed from the [67] reference.

Various methods can be followed to verify the developed interfaces. These are

listed below.

1. In-Chip Verification

2. IP Verification

3. C Models

4. Commercially Tools

In-chip verification is very useful when the designer does not have full knowledge

of the developed interface. It is necessary to observe the data fed and received at

the interface and dynamically to give new data. In other cases, it is necessary to

modify the design and synthesize again. This greatly increases development time. As

a solution to this, there are a variety of tools offered by Xilinx and Altera to monitor

the signals in the design. These are Chip Scope and Signal Tap software. With these

softwares, a register can be observed on the FPGA. The most important issue is to
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use the validation CPU in order not to synthesize again and again. The interface

must be controlled with software that will be sent to the validation CPU so that

many conditions can be tested by loading new software into the CPU at runtime.

In order to verify the IPs, the interfaces that they use must be driven correctly.

For this, Xilinx and Altera provide TBs for the IPs they produce. With these TBs,

the behavior of IP can be learned.

Another verification method is behavior verification. If the designer wants to

match the C code and FPGA design, there will be very small differences if floating

point operations are used. The model C of the IP used for this is needed. These

models are supplied by the IP manufacturer. When the library provided is used,

exact matching can be provided.

Commercially available tools that contain various interfaces can be used. An

example is the Cadence TLM.

4.5 Flow Based Verification

In a video processing application with 4 nested and stallable pipelines, which traverse

several buffers in several different types of memories, the only thing can go wrong

is not number crunching. Often, synchronization problems occur between pipeline

stages. One cannot tell why the values of a pixel are wrong based on simply the

values themselves. If there is a mismatch between the values in simulation and what

they have to be (coming from test vectors dumped from a behavioral golden reference),

maybe it is because the pixel we are checking is not the pixel we are expecting.

This is similar to a network switch chip. It moves packets around. It also modifies

the headers and/or payloads of packets. However, first thing we verify in such chips

is the order and timing of packets. Maybe the packet we are looking at is not the

packet we are expecting. In the case of networking, that is easy, because we can tell

packets apart usually from their headers and/or payloads.
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In a chip like ours, the flow of pixels within the FPGA is quite complex and it is

similar to the flow of packets in a networking chip. However, the situation is even more

complex. Because we cannot tell which pixel is which just by looking at the values of

pixels. To address that, we may also store and carry around an ID number for every

pixel. However, that increases the area of the design as well as power and may lower

its clock frequency. The solution is doing this during simulation and disabling it in

the production version the design.

A solution that is even better is doing first a simulation with just id numbers. That

is, do not do the number crunching, and tag pixels with additional tags to indicate

that the number crunching is done. We do this for Iters Pipe by not plugging in the

“formula compute engine” from HLS for Iter. We still run HLS and get the schedule

from it and appropriately generate the “wrapper”. The wrapper writes ID numbers

and flags instead of the numbers produced by the formula compute engine.

For this purpose, a software has been developed which tests the accuracy of flow by

removing calculation units from the design. Verification times and the effort required

to confirm are significantly reduced. It divides verification into two parts. The debug

process is becoming easier.

The module names and input/output port names of the designs to be tested for

flow must be determined. Advanced Verilog/VHDL parser software or libraries can be

used for this task. However, these softwares are not used because only the mentioned

parsing process is very simple. With simple regular expression methods module names

and ports are obtained. Accordingly, the hierarchy is constructed as in Fig. 24.
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Top Level

Module A Module B Module C

Module D Module E

Figure 24: Module Hierarchy.

At this stage, the script creates simulation models. Simulation models are created

by removing the calculations of existing modules and placing only the flow related

logic. Fig. 25 shows the creation of simulation models. The newly created modules

take input and output timings as parameters. According to these parameters, these

modules takes pixels as a input.

Module A Module A

(With Calculations Removed)

Figure 25: Simulation Model Creation.

Simulation models prints to a file with timing of inputs. At the end of this process

we get a text file containing the movements of the pixels. The general flow is shown

in Fig. 26.
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Image 

Processing

Module

Image 

Processing

Module

Pixel ID = 3

Frame ID = 1

Process ID = 1

Pixel ID = 1

Frame ID = 1

Process ID = 3

Pixel ID = 2

Frame ID = 1

Process ID = 2

Pixel Feed and Collect Test Module

Figure 26: Simulation Flow.

Table 5 shows a sample output file.

Table 5: A Sample of Simulation Model Output File.

Pixel 1, Module A, Time 300 ns

Pixel 2, Module A, Time 310 ns

Pixel 1, Module B, Time 310 ns

...

A second script takes the generated text file as a input. The rules that the design

should comply and the flow that should be defined in this script. This script checks

whether the flow of the design is correct.

The second script for optical flow design checks the movement of the following

modules.

• Downscaler

• Upscaler

• Iters
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• DRAM

The design includes input feeder and output collector modules to feed input to the

top module and to receive the generated outputs. Input feeder inputs according to

the specified cycle-time. Output collector is taken according to the given cycle-time

in the outputs.

4.6 Synthesis Batch Runs

We have our Architectural Estimation tool to do architectural trade-offs. However,

we cannot exactly know the max clock frequency we can achieve and the number

of Iter blocks we can fit on the FPGA without doing synthesis. Estimation lets us

narrow down our search space for a good solution. That is, if we do estimation, we

can run fewer syntheses.

We wrote Perl/C# scripts (totaling around 600 lines) that can run many syntheses

with different parameters in batch mode. It actually generates our optical flow design,

runs synthesis, and analyzes the log files. The script takes in parameters that it passes

to our design generators (including HLS), the implementation tools (synthesis through

power analysis), and analyzers. Below are the steps of the script:

1. Design Generation

2. Synthesis

3. Mapping

4. Timing Analysis

5. Power Analysis

6. Dispatcher

7. Report collector
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8. Report Parser

9. Table Maker

Design Generation step takes in the following parameters:

• Cycle-time

• Number of Iter blocks

• Mux-aware HLS on or off

• HLS Register Sharing on or off

Synthesis, mapping, timing analysis takes in Target Clock Frequency as a param-

eter. Dispatcher dispatches a new thread of steps 1 through 5 of the above list as long

as we are using less 80% of the server’s memory. Note that the implementation tools

are also multi-threaded within themselves, and we allowed them to spawn 2 threads.

Report Collector gathers the reports (i.e., implementation tools’ log files) into a

single directory. Report Parser parses the log files looking for critical information,

while the Table Maker creates the associated Excel tables.

Using this tool, we carried out around 3,000 synthesis runs in a net running time

of approximately one week. We ran them on a 48-core machine. On the average, we

got a 20x speed-up compared to single-thread synthesis run. Each synthesis run from

step 1 (design generation) to step 5 (power analysis) can take up to a few hours.
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CHAPTER V

ARCHITECTURAL ESTIMATION

Most video processing designs have design parameters that have to be decided. The

decision requires that we implement several versions of the design with different pa-

rameter values and look at metrics such as performance, area, memory size and band-

width, etc. Doing all these designs may require a prohibitive amount of time. Hence,

we have to pick a few parameter combinations. This is a chicken or egg problem. How

can we pick parameter values and exclude others without knowing the merit factor

of the ones we are excluding?

This dilemma can be partly solved by using “design generation tools” (custom

and/or general-purpose) so that many designs with different design parameters are

created quickly. This approach solves only part of the problem. We still have to

verify and synthesize those many designs. Synthesis time growth can be addressed

by again automation (or semi-automation) but verification takes too much time even

with automation. Irrespective of whether we use design generation (RTL generators,

HLS, etc.) or not, we need an architectural estimator to narrow down our choices in

terms of design parameters.

Design parameters are fps, frame resolution, FPGA to use, clock frequencies to

use, FPUs and other IPs to use and their parameters, power consumption, whether

to use DRAM or not, DRAM size, DRAM bandwidth, how to stream the data in and

out. On top of this, in our optical flow problem, the number of Warp() calls, Iter()

calls per Warp(), pyramid levels, and the number Iter blocks are also parameters.

In summary, an architectural estimation tool is indispensable in video processing

design as well as others that have an abundance of design and algorithmic parameters.
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Although the tool will have to be design specific to a certain extent, some ideas can

be borrowed from the discussion here.

Architecture exploration tool estimates 7 design metrics. Some of these metrics

are estimated by modeling mathematically. Some metrics are where the relationship

between input and output is quite chaotic. The approach in such metrics is to model

the relationship between input and output by taking a large number of samples. The

subtopics describe how the metrics calculated by the estimator tool are implemented.

5.1 Area Usage

One of the most important constraints on FPGAs is area utilization. The limiting

factors in area usage are register, ALM, BRAM, and DRAM. Changes in the algo-

rithm may result in not having enough resources. Synthetic processing is needed to

understand whether the resources are available. However, the design must be com-

pleted to perform the synthesis process. Therefore, once the design is complete, it

may not fit in the FPGA. In this case, the design may become completely or partially

unusable. Development time will increase considerably.

A tool for predicting the use of area for an optical flow algorithm, before starting

the design development process, according to certain parameters is presented. There

are 6 main blocks running on the FPGA. These are given below.

• Interface Controller

• DRAM Controller

• Downscaler

• Warping

• Iteration

• Top Level Controller
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The interface control logic varies according to the selected interface (Ethernet,

PCIe etc.). However, the changes in the algorithm do not affect the area usage of the

interface control logic. The area to be occupied by the interface logic is previously

synthesized and obtained by lookup table approach. Also the DRAM control logic is

not affected by the changes of the algorithm like the interface logic. The area used by

the DRAM controller logic varies according to the DRAM type to be used. For this,

DRAM controllers were synthesized and a loop-up table was created. The interface

logic and DRAM controller occupied areas are defined as INA and DRA.

Downscaling at different ratio is done according to a parameter which is input to

the module. It supports all necessary resolutions, it has a fixed structure. Once syn-

thesized, it can be added to the result of area usage of the entire system. Downscaler

unit area usage defined as DSA.

Warping and iteration module contain BRAMs for buffering requirement and cal-

culation units. Calculation units operation type can be fixed point or floating point.

These units also have different area usage according to their selected delays. Which

unit to use depends on the sensitivity and performance requirements of the algorithm.

The selected calculation units can be connected to each other to perform calculations

at all cycles. However, this approach causes too many unit usage. So even a single

iteration or warping module may not fit to the FPGA. For this reason, the iteration

and warping units should be considered to be produced by resource sharing method.

The disadvantage of this approach is that the inputs and outputs of a computing unit

connected to multiple sources. Therefore, the multiplexing cost occurs in the inputs

and outputs of the calculation units. Synthesis results were obtained on FPGA be-

tween 1-50 cycle time for analysis of the multiplexing cost. Fig. 27 and 28 shows the

relationship between cycle time and multiplexing.
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Figure 27: Cycle-Time 1-50 - ALM Relationship.

Figure 28: Cycle-Time 1-10 - ALM Relationship.

A look-up table was created with the synthesis results for calculation (1) of total

number of ALM (TALM). This look-up table is defined as a multiplexing cost function.
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TALM = MUXCOST (CT ) ∗ TCU +
TCU∑
i=1

FPU i(ALM) (1)

The total number of calculation units (TCU) multiplied by the multiplexing cost

was found to be the total multiplexing cost. ALM usage of the used calculation units

and total multiplexing cost are summed.

Register and DSP usage are calculated in the same way as ALM calculation (2,

3).

TREG = MUXCOST (CT ) ∗ TCU +
TCU∑
i=1

FPU i(REG) (2)

TDSP = MUXCOST (CT ) ∗ TCU +
TCU∑
i=1

FPU i(DSP ) (3)

The number of BRAMs depends on the buffering requirement in the algorithm.

The number of BRAMs required for buffering (4) is obtained by multiplying the

number of rows needed (RC), the number of data in single row (SRC), the bit width

of each data (BG) and the number of how many modules are used (MC).

TBRAM = RC ∗ SRC ∗BG ∗MC (4)

5.2 Throughput

There are too many parameters to decide even with an estimation tool. Usually,

designers deal with one of the following two problems:

1. Given an fps and frame resolution, come up with the lowest cost or lowest power

consumption solution. (It would be even better if some hardware choices are

fixed.)

2. Given a particular hardware platform (a set of hardware choices), produce the

highest fps or frame resolution (hence highest number of pixels processed per
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second).

We focused more on Problem 2: “What is the highest fps we can obtain from

a particular FPGA board?” Given this problem, our estimator does architectural

exploration adjusting two parameters, namely, pixel cycle-time and number of Iter

blocks in Iters Pipe. It takes cycle-time as a free parameter, and based on that,

calculates the number of FPGA resources an Iter block requires (logic cells, flip-flops,

BRAMs, DSP slices). From that, it calculates how many Iter blocks it can fit on the

given FPGA. The deciding factor in terms of the number of Iter blocks can be any of

the FPGA resources. Then, it calculates how many times we have to circulate over

Iters Pipe.

For the fps calculation (5), clock frequency (f), Cycle-time (C), Loop Count (LC),

frame Resolution (R), Pyramid factor (P) parameters are used.

We estimate f by synthesizing one Iter block. L is the number of times we have to

circulate around the loop. P is, on the other hand, the ratio of the total number of

pixels in all the levels of the pyramid to the pixels in one frame. P is greater than 1.

fps =
f

C ∗ LC ∗R ∗ P
(5)

where

LC =

⌈
i

I

⌉
(6)

and

I = minj∈T

⌈
Aj

Uj

⌉
(7)

P =
l−1∑
k=0

dk (8)
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LC is computed (6) by dividing the number of Iter() calls (i) by the number of Iter

blocks (I). Since it has to be an integer, we have to take the ceiling of the division.

I is the number of Iter blocks we can fit, which can be decided by dividing the total

available amount (Aj) of every hardware resource type (j) in the set of Types (T) by

the amount needed by one Iter block (Uj) (7). The hardware resource types are logic

slices, DSP slices, registers, RAM blocks, and DRAM bandwidth. P can be computed

by a summation of ratios (8), where l is the number of levels and d is the downscale

ratio.

There is a trade-off between cycle-time and the number of Iter blocks as well as the

DRAM bandwidth. The lower the cycle-time, the bigger an Iter block, hence the fewer

the Iter blocks we can fit on the FPGA and the larger the DRAM bandwidth. Due to

the DRAM bandwidth available, we may have to insert bubbles in the pipeline. You

may think of it like a wait time between consecutive reuses of the pipeline. Although

lower cycle-time increases the fps, fewer Iter blocks lower the fps. In addition, the

lower the cycle-time, the more we circulate around the pipe and hence eventually

hitting the maximum available DRAM bandwidth and hence limit the fps we can

achieve. Because of all these factors, the most ideal cycle-time may be somewhere in

the middle.

If we try cycle-time values one by one, and we try to narrow down the number of

Iter blocks, we do not need to estimate the clock frequency of Iter. That is because

to maximize fps, we better fit as many Iter blocks in the FPGA as possible, and that

depends on the area of Iter.

However for Problem 1 above, we better estimate the clock frequency of Iter.

That is due to the fact that whether we meet our fps target with a certain number

of Iter blocks depends on the clock frequency. We estimate the clock frequency by

just synthesizing one Iter instead of the complete design, which takes a few minutes

as opposed to 30 minutes. The clock frequency that comes from this synthesis can
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be ±25% of the actual frequency based on data we collected. Therefore, whatever

number of Iter blocks we calculate from the estimated clock frequency, it may be

sufficient to try the number of Iter blocks that are within ±25% of that.

5.3 Latency

The optical flow algorithm produces the output vectors by processing the input pixels

into a long pipeline. The length of this path depends on parameters such as DRAM

usage, number of iterations, and delays of selected FPUs. It is important to know

the total latency of the system. If the system has a low latency requirement, it needs

to know what the latency will be before the design development starts.

If there is no need for DRAM in the algorithm, pixels will only pass from the cal-

culation units. The data coming from the interface is buffered in BRAM, the whole

video frame and the 2 lines 2 pixels of the second video frame. The downscaler unit

does not need to wait for this buffering. However, even if the incoming pixel is imme-

diately downscaled, the algorithm must wait for the second frame to be downsized.

When the algorithm includes pyramid (P) design, the algorithm can not start without

getting the smallest pyramid of the second frame. The downscale unit performs cal-

culations based on the output time of first input (OFI), cycle-time (DSC), resolution

(R) and, downscale ratio (DR). Video frames are coming in consecutively from the

interfaces. For this reason, the second frame comes after all pixels of the first frame’s

arrives. In order for the algorithm start to execution, the lowest pyramid level of

current, and previous images must be calculated. Calculation of all levels of the first

image and calculation of all the pyramids except the final level of the second image

is required. After 2 lines and 2 pixels of the pyramid at the end of the second frame

are ready, the algorithm can start to execution. The number of elements in a row in

the pyramid is defined as PRC. The delay (DSL) caused by the downscale operation

is calculated with DSC, pyramid factor, and OFI (9).
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DSL = (DSC ∗ (
P−1∑
i=0

DRi +
P−2∑
i=0

DRi) + 2 ∗ PRC(P-1) + 2) + OFI (9)

In the next step, the pyramid frames are taken by the warping and iteration

modules. The these modules are considerably larger than the downscaling module.

Warping and iteration modules may have different design alternatives. Different de-

signs may arise depending on the scheduling of FPU units, cycle-time, and how much

line buffering needs. The warping module must buffer the line (WB) as many lines as

it will support the warping. Each iteration module can start to work after 1 row pixel

(IR) + 2 pixel buffered. After the warp operation is performed in the algorithm, a

certain number of iteration operations are performed. This process is repeated until

the desired number of iterations (IC) is reached. The loop count (LC) specifies how

many times iter-warp modules will executed. The latency (see 10) of iteration and

warping (IWL) is modeled with the DR parameter for all pyramidal levels.

IWL = CT ∗WB ∗ LC ∗ IC ∗ (IR + 2) ∗
P−1∑
i=0

DSi (10)

When the DRAM is used in the algorithm, it is used most intensively to store

the vectors generated by the iteration modules. Delays are caused by waiting (DRW)

while accessing new rows in DRAM. When the required number of iteration module

does not fit into the FPGA, it is necessary to loop the data on the iteration modules.

This number of loops (LC) indicates how dense the access to DRAM. The delay of

DRAM (DRL) is when the iteration modules, which are not consecutively accessed to

RAM, generate vectors (IV) and receive it again from DRAM. It must be multiplied

by 2 for both reading and writing, and modeled for all pyramid levels (11).

DRL = LC ∗ IV ∗ 2 ∗DRW ∗
P−1∑
i=0

DSi (11)

Latency due to the interface vary according to the selected interface. This param-

eter is called interface delay (ID). The total latency of the system (STL) is calculated
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by summation of SDL, IWL, DRL, and ID (12).

STL = DSL + IWL + DRL + ID (12)

The STL gives the total delay of the system in cycles. Latency in terms of seconds

can be found by dividing the STL to the frequency (FR) of system will execute (STLT)

(13).

STLT = STL/FR (13)

5.4 DRAM Bandwidth and Area

The use of DRAM for optical flow algorithm is very important. The algorithm needs

to store the generated vectors as intermediate values. Depending on the resolution

and the number of iterations, the vectors are often too large to be stored in the Block

RAMs on the FPGA. Even if the DRAM area meets the needs of the algorithm,

the bandwidth needs to be considered. Bandwidth must be adequate when accessing

DRAM to achieve the desired output rate. In the algorithm there are many blocks

that need access to DRAM. These are listed below.

• Video streaming through PCIE

• DRAM Controller

• Downscaler

5.4.1 DRAM Area Usage

In order to be able to start the optical flow algorithm, it is necessary that 1 video

stream is stored in each case and the first 2 lines and 3 pixels of the next video stream

have arrived. This causes an inevitable buffering requirement.
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DRAM area requirements are depends on number of iterations (IN), iterations that

fits on FPGA (IFF), pyramids (P), BRAMs (BR), required iteration count (IRC), and

downscale ratio (DR).

Firstly, situations that do not need DRAM are examined. If the inevitable input

frame buffering requirement in the algorithm can not be met by the block RAMs on

the FPGA, DRAM must be used. If it can be buffered, the other parameters need to

be checked.

The CPU transfers the raw image through the interface to the FPGA. The optical

flow algorithm starts from the smallest of the pyramid levels. The downscaler module

takes the original image and downscales it. However, as the algorithm continues to

execution, it emerges towards the upper layers of the pyramid. So all the frames

need to be stored. We call that storage needing to the required buffer area (RBA)

(14). The resolution (R) is previous full frame, 2 resolution lines, and 2 numbers (RS)

indicate the start of the current.

RBA = (R ∗ 2 ∗RS + 2) ∗
P−1∑
i=0

DSi (14)

If the images to be stored are smaller than the FPGA’s existing block RAM

(BR), the first requirement of the algorithm can be achieved without DRAM. Frame

fit checking (FFC) to the FPGA is made for DRAM usage decision (15).

FFC = RBA < BR (15)

It is necessary to examine the units with other DRAM access in the algorithm.

The output U and V vectors of the last iteration module can be fed directly into the

output interface, when required iteration (RI) number smaller than the number of

iterations that can fit (FI) in the FPGA. Then there is no need for DRAM usage.

This iteration loop control (ILC) is comparison of RI and FI (16).
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ILC = RI < FI (16)

The number of required iterations may be greater than the number of fitted it-

eration modules in the FPGA. In this case, the data on the iteration modules need

to be loop on themselfs. The sum of number of fitted iteration modules in FPGA

multiplied by iteration module latency and number of BRAM bytes exists on FPGA

(BF). If this sum is higher than the resolution, there is no DRAM requirement (17).

DR = FI ∗ IL + BF > R (17)

In all other cases, DRAM must be used. In these cases, it is necessary to pay

attention to the bandwidth of the DRAM as well as the area. In cases where DRAM

use is mandatory, it is of course possible to retain some of the data in DRAM at the

BRAM. If enough DRAM bandwidth is available, all data can be held in DRAM to

reduce the use of BRAM. The same DRAM space can be used for each level of the

pyramid. Because after the vector transfer between the pyramids, the vectors in the

previous pyramid are not used again. So the area to store the vectors in the largest

pyramid level will be sufficient for the whole algorithm. The DRAM area (DRA)

needed by the iteration calculated with parameters, resolution and iteration module

output vector number (V) multiplied by bit width of each vector (18).

DRA = R ∗
V∑
i=1

Byte(V ectori) (18)

The total area (DTA) required in DRAM is calculated with summation of RBA

and DRA (19).

DTA = RBA + DRA (19)
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5.4.2 DRAM Bandwidth Usage

To calculate the DRAM bandwidth (DBI), it is necessary to find out how many times

the iteration modules must loop on their own. The number of iterations required is

divided by the number of fitted iterations in the FPGA. The number of loops count

(LC) indicates how many times the vectors from the iteration modules need to be

write to and read from DRAM. This writing and reading is done for every pyramid

level and for each frame. In Throughput section, the maximum FPS calculated is

multiplied by LC and result is the amount of access bytes required in one second.

The result is multiplied by 2 because both reading and writing are done (20).

DBI = DRA ∗ LC ∗ FPS ∗ 2 ∗
P−1∑
i=0

DSi (20)

Other factors affecting the DRAM traffic are the raw images sent by the CPU and

the output frames of the downscaler module. We call it DRAM bandwidth (DBF)

usage by total frames. The resolution is multiplied by FPS to find how many frames

should be written at the moment. This value is multiplied by 2 because of both

reading and writing are done (21).

DBF = R ∗ FPS ∗ 2 ∗
P−1∑
i=0

DSi (21)

The algorithm’s total DRAM bandwidth requirement (DBT) is calculated by

adding DBI and BBF (22).

DBT = DBI + BBF (22)

If the DRAM model to be used is already determined, several methods can followed

to determine if the developed tool estimates that system can not work with a single

DRAM. If limit is area usage, then tool finds the minimum number of DRAM chips

required. If there is a limit on the bandwidth, the FPS can be reduced or the minimum
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number of DRAM chips is specified.

When the number of DRAM chips is increased, area, and bandwidth are increasing

linearly. Accordingly, the estimator specifies the minimum number of DRAM chips

required (MCR). The smallest number N that provides the formula is the number of

chips required (23, 24).

DTA <

N∑
i=1

MCRarea (23)

DBT <
N∑
i=1

MCRbandwidth (24)

After picking up the smallest chip counts required and for the bandwidth and

area, whichever is the bigger is selected (25).

MCR = MCRarea > MCRbandwidth?MCRarea : MCRbandwidth (25)

5.5 Interface Bandwidth

The optical flow algorithm inputs video frames and produces two U-V output vectors.

In order to feed the input frames and retrieve the output vectors, an interface is needed

to talk with the optical flow module. This interface is necessary to ensure that the

optical flow can be carried out by the host CPU. The bandwidth requirement is

determined by which interface should be used. The interface bandwidth depends on

the parameters required for throughput calculation. The bandwidth is related to the

maximum FPS calculated in the throughput section. The input bandwidth (IB) is

expressed (26) as the number of frames per second (FPS) multiplied by the resolution

(R).

IB = R ∗ FPS (26)
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The output vectors U and V are output. The output bandwidth (OB) requirement

is found by using these vectors, FPS, and R values (27).

OB = Byte(UandV ) ∗ FPS ∗R (27)

Once the input and output bandwidths have been calculated, the choice of inter-

face can be made. In full duplex systems, the interface can be selected according to

which input or output is greater bandwidth requirement. The total bandwidth must

be calculated for the selection of interfaces using the same path for reception and

transmission. The total interface bandwidth (TBI) is used to measure the require-

ments of the interface (28).

TBI = IB + OB (28)

5.6 Temperature Estimation

It is very important to predict at what temperature the FPGA design will work. In

order to avoid damage to the FPGA, it is necessary to stay under a certain temper-

ature. Cooling precautions may be taken if necessary. If the target temperature can

not be reached after the design is completed, very likely the targeted clock frequency

will not be unusable.

The temperature depends on the parameters of the algorithm and other factors.

Algorithm changes affect the total captured power. The temperature varies (29)

depending on the amount of power (PW) drawn. The temperature (TJ) of the FPGA

is related to the thermal impedance (TA), Die to Package (DP) and Package to

ambient (PA).

TJ = TA + (PW ∗ (DP + PA)) (29)
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The Acura AC 9270 infrared temperature meter was used to obtain the FPGA

temperature values. Fig. 29 shows the acquisition of the measurement.

Figure 29: Temperature Measurement of FPGA.

5.7 Compilation Time

The compilation time (CMT) is very important when the design on the simulation is

completed and is being tested on the FPGA. When the error is encountered, it has to

be synthesized again between each iteration and a certain time has passed. Knowing

this time in advance is necessary for giving information about how long the work can

last.

In the optical flow algorithm, the iteration unit occupies the most area and imposes

frequency limits. As the number of iteration units increases, compilation becomes

more difficult, and takes more time. Also the synthesis time varies according to the

FPGA systhesis tool. The extraction model is given for compilation time. Eureqa[68]

named data mining software was used to extract the formula (30).

CMT = 54.0 + 1.6 ∗ iter2 − 5.6 ∗ CT (30)
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CHAPTER VI

RESULTS

In Subsection 6.1, we will first present our optical flow designs validated on FPGA.

Then, in Subsection 6.2, we will discuss estimates our Estimator produced, and how

we do design exploration using them. Next, in Subsection 6.3, we will share some

synthesis results where MAFURES and Vivado HLS are compared. Last but not

least, in Subsection 6.4, we will present some performance and power consumption

results on CPU (Matlab and OpenCL), GPU, FPGA (OpenCL and Verilog).

6.1 Designs Fully Tested on FPGA

We have applied our tools and techniques to synthesize over 3000 optical flow designs.

We fully verified and then tested 11 of them on the FPGA in the order they are listed

in Table 6. In these 11 designs, we aimed to utilize all three boards we had that were

suitable for the optical flow design. Also, we wanted to bring up several versions of

the design as long as they fit on the particular board. Note that we also applied the

tools and techniques we created in the process of doing the optical flow design to an

“image fusion” [69, 70] design and fully verified and tested 3 of them.

These designs on the average contain around 15 thousand lines of Verilog code,

500 lines of C++ Host code, and in addition, vendor-specific FPGA IP files.

The design in the top row in Table 6 took 3 people 1 year. On the other hand,

the design in the bottom row took 2 people 10 days. This reduction in development

time is mostly due to all the tools and techniques we developed along the process.

However, the experience gathered in the first year by the team was also a factor

(though secondary) in this time reduction.

These two people were the team that made the first design in one year. However,
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other developers can extract designs rapidly by using developed tools.

This was possible although this last design was much bigger and more complicated.

In Table 6, the leftmost column shows the hardware platform used. We imple-

mented our designs on 3 different boards. The second column shows the number of

Iter blocks in Iters Pipe. All designs have 1 Warp block in the pipeline. The rows

with a single number in this column indicate we do not circulate around the pipeline.

Therefore, the number Iter() calls is equal to the Iter blocks. 50x10 indicates we have

1 Warp and 50 Iter blocks in the pipeline and we circulate around the pipeline 10

times.

50x10x3 means we have a pyramid with 3 levels. That is, we effectively circu-

late around the pipeline 30 times. (All other designs have 1 pyramid level.) This

design contains around 30 thousand lines of Verilog besides some IP files. Only 2,000

lines of this code is in common with the other designs. 6,000 lines of it comes from

MAFURES. 20 thousand lines of it comes from our Pipe Generator. And 700 lines

of it is design-specific code we manually wrote. This last design used a MAFURES

generated Warp module. Previous designs (in the rows above) used a manual design

we did. MAFURES boosted the clock frequency of Warp from 60 MHz to over 150

MHz. The clock frequency in this case was decided by the wrapper logic of the Iter

block. This attests to the quality of the designs done by MAFURES.

Our Image Fusion designs are shown in Table 7. The design in the top row contains

7 thousand lines of Verilog plus C++ each (plus some vendor-specific IP files). 3,000

lines come from MAFURES. 1,500 lines came from Optical Flow. 500 lines come

from code generators specific to Image Fusion. 2,000 lines are manually written code

specific to the design. The other two designs have quite similar statistics. In Table

7, C stands for “cycle-time”. C for all our optical flow designs is 10 clock cycles.

On the verification side, we used around a total of 2,000 lines of Verilog, Java,

and Matlab for Optical Flow, while we used around 1,000 lines of a combination of
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Verilog and C for Image Fusion.

The above shows that we achieved a high degree of design automation, which is

not only applicable within Optical Flow but also applies to another design, namely,

Image Fusion. We are confident that many other video and image processing designs

can benefit from our work. Recently, we applied our PCIe framework to a wireless

communications design in a very short period of time.

6.2 Architectural Estimation Results

Table 8 presents some estimation and synthesis results for Problem 2 mentioned in

Subsection 5 when our Cyclone IV board is targeted. The 3 rightmost columns are

the outputs of our Estimator (see Subsection 5). The other columns except for the

leftmost are results obtained after synthesis. The leftmost column is the cycle-time

(C), and we have a separate set of results for every C value. Our MAFURES HLS

tool has two switches, namely, Mux-aware (Ma) synthesis on/off and Register sharing

(Rs) on/off. Therefore, we have 2x2=4 combinations in Table 8. Columns I (short for

#Iters) list the number of Iter blocks we can fit on the FPGA for each combination.

Columns fps list the max fps can be achievable with the I at hand (5 in Subsection

5). DL stands for “DRAM Limited” and means if I (7) is determined by the DRAM

bandwidth.

The max fps estimated by the Estimator is shown in the fps column on the right

for every C. Note that the Estimator does not have a way of estimating different

numbers for different combinations of Ma and Rs switches.

The max fps possible is proportional to the max pixels processed per second,

which is inversely proportional to C. However, since every Iter block processes a pixel

in parallel, it has to be multiplied by the number Iter blocks that can be crammed

into the FPGA (I).

Here is the process through which we identify the design with the highest fps. We
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estimate using the Estimator the max fps for different Cs starting from 1 and going

up one by one. We see that it makes a peak at C=3. We then continue incrementing

C and by C=7, we see that it is consistently dropping. Hence, there is no need to

consider larger Cs. For every C, the Estimator also reports the number of Iter blocks

that fits on the FPGA (I). We then synthesize for that C and 5 different I values,

that is, the I reported by the Estimator±2. After synthesis, we see that the I that

fits is actually within ±1 of the estimated I. In Table 8, we report the max I values

we obtained for each case. The results of the synthesis and the estimated results are

close to each other.

In summary, the Estimator limits our architectural exploration search space.

Within that search space, we synthesize every thing and go with the best combi-

nation. And that is a C of 3, which allows for an I of 5, resulting in an fps of 0.71.

Table 6: Optical Flow Designs Tested on the FPGA.

Platform #Iters fps Resolution f (MHz)

PCIe 1.0

Altera

Cyclone IV

1 20.0 576x768 30

2 20.0 576x768 30

3 20.0 576x768 30

USB 3.0

Xilinx S6

1 5.1 576x768 15

2 5.1 576x768 15

PCIe 3.0

Altera

Arria 10

1 19.5 640x480 60

2 19.5 640x480 60

25 19.5 640x480 60

50 19.5 640x480 60

50x10 1.9 640x480 60

50x10x3 3.7 640x480 150
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Table 7: Image Fusion Designs Tested on the FPGA.

Platform C fps Resolution f (MHz)

PCIe 1.0

Altera Cyclone IV

1 15 640x480 73

3 40 640x480 95

PCIe 3.0

Altera Arria 10

1 86 1920x1080 188

Table 8: Optimizing fps Using Architectural Estimation.

Synthesized Estimated

Ma Rs Rs + Ma

C I fps I fps I fps I fps I fps DL

7 6 0.47 6 0.46 6 0.45 6 0.46 5 0.37 No

6 6 0.53 6 0.53 6 0.51 6 0.49 5 0.43 No

5 6 0.63 6 0.63 6 0.59 6 0.62 5 0.49 No

4 5 0.66 5 0.70 5 0.67 5 0.68 4 0.62 No

3 5 0.71 5 0.71 5 0.71 5 0.71 4 0.71 Yes

2 3 0.43 3 0.43 3 0.43 3 0.43 4 0.57 Yes

1 2 0.28 2 0.28 2 0.28 2 0.28 2 0.28 Yes

6.3 MAFURES and Vivado HLS Compared

Our MAFURES HLS is possibly the most critical component in our design process.

However, it can be replaced by other HLS tools. We tried multiple alternatives but

the only other HL tool that was user-friendly enough was Vivado HLS from Xilinx

[50], and its main drawback is that it supports only Xilinx FPGAs. (However, it is

conceptually possible to use it with other FPGAs through wrappers.)
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MAFURES is FPGA vendor agnostic. MAFURES spits out shorter and more

readable code, which improves simulation and debugging time. In addition as we show

in Table 9, we were able obtain favorable results for MAFURES when we targeted

a Xilinx Kintex-7 FPGA for the core of Iter block. Nevertheless, the drawback of

MAFURES is that it accepts lower-level code with respect to Vivado HLS. Also, it

does not do function unit selection, you have to specify which function units it has

to use.

When we ran “timing-driven” synthesis, MAFURES obtained 10% better timing

at the expense of around 5% more area with 50% of the Verilog lines in Vivado HLS.

Timing-driven synthesis in MAFURES means Mux-aware synthesis with no Register

sharing (i.e., Ma option in Table 8). For Vivado HLS, timing-driven implies giving

an almost impossible timing goal, so that the tool does the best it can.

When we ran “area-driven” synthesis, MAFURES obtained around 10 to 15%

better area at the same timing with one third of the Verilog lines in Vivado HLS.

Area-driven synthesis in MAFURES means no Mux-aware synthesis with Register

sharing (i.e., Rs option in Table 8). For Vivado HLS, area-driven implies giving

a very relaxed timing goal, so that the tool focuses on area minimization. In our

case, we first did the synthesis with MAFURES and gave Vivado HLS the timing we

achieved with MAFURES (3.7 ns).

Table 9: MAFURES and Vivado HLS Comparison.

Driven

by

HLS Tool
Clk

Per.(ns)

Verilog

Lines

Logic

Slices

DSP

Slices

Timing
MAFURES 2.8 1453 2899 6

Vivado HLS 3.1 2966 2719 6

Area
MAFURES 3.7 1112 1893 17

Vivado HLS 3.7 3362 2203 19
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6.4 Performance and Power Results

In this subsection, we compare FPGA results to GPU and CPU results. We also

present results for Altera Offline Compiler (AOC) [71], which synthesizes OpenCL

code on to Altera FPGAs. Except for Table 13, the FPGA is Altera Arria 10, GPU

is Nvidia GeForce GTX 980 Ti, and the CPU is Intel Xeon 1650 v3, which are all

high-end in their own domain. In Table 13, the FPGA is Altera Cyclone IV and GPU

is AMD Radeon HD 7870M; they are mid-range in their categories.

In terms of development time CPU based development is fastest, then comes GPU,

then OpenCL on FPGA, and HDL based development on FPGA takes the longest

time. And this work aims to reduce the handicap of HDL based design of FPGA im-

plementations. However, even with tools and techniques here, Verilog/VHDL design

takes longer. It is the goal of this subsection to show that traditional FPGA design

with HDL offers superior metrics in terms of power consumption to all other options

including GPU, and yet it can more or less match GPU performance.

Table 10 shows the “frame time” achieved by 5 different implementations of AHL1

algorithm. Frame time is equal 1/fps. In Table 10, we have 2 CPU implementations.

The one on the left is the original Matlab implementation. The FPGA implementation

on the left is the design we discusses throughout this dissertation. AOC is also,

in a way, an FPGA implementation. AOC tool implements a GPU architecture

on the FPGA with custom processors. Looking at the table, the ranking of the

implementations from slowest to fastest are as follows: Matlab on CPU, OpenCL on

CPU, OpenCL on FPGA (AOC), OpenCL on GPU, and Verilog on FPGA. Note that

OpenCL on CPU allows for easy exploitation of the multiple cores on the CPU.
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Table 10: CPU, GPU, AOC, and FPGA Frame Times.

Resol.
Matlab

CPU

OpenCL

CPU GPU AOC FPGA

576x384 107.764 s 8.645 s 0.128 s 2.734 s 0.151 s

640x480 156.983 s 9.612 s 0.168 s 3.594 s 0.210 s

768x576 471.542 s 11.277 s 0.254 s 4.854 s 0.302 s

Table 11 compares the power consumption of OpenCL on CPU, GPU, and AOC

solutions. All solutions execute 10 warps at 50 Iter() calls per warp without pyramid

(50x10 in Table 6). We measured power consumption with “Edimax WiFi Smart

Plug with Energy Management (SP-2101W)”. For all configurations, we subtracted

the power consumption at “Idle”. In this table, we slowed down the GPU so that it

matches the frame time (hence the fps) of the AOC solution. Comparing two systems

running at different fps does not make sense. A system consumes more power when

run at higher fps. Nonetheless, we ran the CPU at its own lower frame time. We could

slow down the AOC and GPU implementations to match the CPU but we thought

that would be artificially slow. Even the existing table gives us a clear picture, which

is AOC is quite superior in power consumption, while GPU and CPU are comparable.

If AOC could be run at much faster pixel throughputs, GPU could maybe beat it in

power consumption.

Table 11: CPU, GPU, AOC Power Results.

Resol. fTime AOC GPU fTime CPU

576x384 2734 ms 15 W 58 W 8600 ms 51 W

640x480 3294 ms 19 W 58 W 9600 ms 51 W

768x576 4854 ms 22 W 60 W 11200 ms 52 W
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In Table 12, the FPGA (Arria 10) is 3x more power-efficient than the GPU (GTX

980 Ti). Looking at the way they scale (which is linear), it seems like the relationship

will stay as 3x. These runs were such that there is no circulation. That is, we have

50 Iter() calls in the bottom row for example, not 50x10. However, they all run at

12.5 fps. That is, the implementations are slowed down in the case of lower number

of Iter() calls. FPGA, in this case, is not superior in one metric, and that is the

price. Although the two chips here (GPU and FPGA) are similar in complexity, since

such high-end FPGAs do not sell in volume, they are more expensive compared to

their GPU counterparts. However, that divide diminishes in the case of mid-range

GPUs and FPGAs. Table 13 shows such a case with Altera Cyclone IV FPGA and

AMD Radeon HD 7870M GPU. As can be seen, the FPGA is much superior in power

consumption when all run at the same fps.

Table 12: High-end GPU-FPGA Power Results at 12.5 fps.

#Iters GPU FPGA

1 70 W 25 W

2 71 W 25 W

25 80 W 27 W

50 90 W 30 W

We were able to show through this project that we are able to achieve lower

power consumption with an FPGA solution (whether HDL based or OpenCL based)

as compared to GPU for a given performance (pixels or frames per second).
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Table 13: Mid-range GPU-FPGA Power Results at 6 fps.

#Iters GPUmid FPGAmid

1 36 W 1.4 W

2 37 W 1.5 W

3 38 W 1.5 W

When all the results of the tables are examined together, it is seen that the FPGA

performs much better than other platforms (as expected). Since there is no other work

in the literature to realize the same design, the different parameters of the same design

and the designs on different FPGAs are compared with each other.

Table 10-13 contain performance comparisons. In all comparisons, although the

CPU draws power close to the GPU, its performance is very low, and the FPGA is

seen to have higher fps, though consuming much less power.
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CHAPTER VII

CONCLUSIONS AND FUTURE WORK

FPGAs can offer throughputs in video processing almost as high as GPUs but at

lower power consumption. Nevertheless, the development man-hours they need are

significantly more than what GPUs need. Therefore, FPGA world needs a design

productivity boost. Part of it comes from HLS. However, we need a variety of tools,

some of which may be design specific. Using OpenCL synthesis tools for FPGAs may

address the development time issue but it does not offer performances anywhere close

to GPUs and HDL-based FPGA designs.

This dissertation presented an FPGA design framework that addresses these is-

sues. In addition, we created a quite general-purpose HLS tool, called MAFURES,

which is FPGA vendor agnostic and has some advantages over Vivado HLS, a tool

that is currently making quite a positive impact in the industry as well as academia.

We also explained in some detail our high-level and general-purpose framework to

supporting interfaces such as PCIe and USB as well as DRAM. Our work builds on

top of RIFFA in the PCIe domain, which is also quite useful and popular.

The dissertation also discussed other tools (e.g., Architectural Estimation and

Flow Verification) and shown techniques (e.g., 4 levels of Nested Pipelining), which

can be ported to other designs with some modifications. With the Architectural

Estimation tool, we can uncover 8 design metrics before the design is completed.

We applied all these tools and techniques to multiple subblocks in our Optical

Flow design as well as a second design, Image Fusion. The dissertation showed that

in a fairly short amount of time, we were able to implement 11 versions of the optical

flow algorithm running on 3 different FPGAs (from 2 different vendors), while we
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generated and synthesized several thousand designs for architectural trade-off.

The tools and methods developed in this study show that the ability to apply 2

different image processing is applicable to other image processing algorithms. It is

not just the implementation of two algorithms, it is used in the implementation of

many different versions of these algorithms.

The deep pipeline structures used can be applied to many designs. We used

pipelining at frame, iteration, pixel, and arithmetic unit level. We can say that this

methodology can be used in other image processing algorithms without the need

to make changes. However, this structure can not be used in state machine type

processing designs. The designer can design simple algorithms with the state machine

method, but the pipelining method is life-saving when operations are complicated.

Some of the tools and designs developed can be used for general purposes, while

others are dependent on the optical flow algorithm. Now we will talk about how these

tools can be used in other video processing applications.

First, we will describe the HLS tool used to schedule arithmetic operations. Each

video processing algorithm has calculation blocks that must be scheduled. If a fixed

design is not targeted and the algorithm is likely to change over time, the scheduling

process must be done with a tool. HLS tool named MATURES, it needs this. No

modification is required for use in any other video processing algorithm. It is enough

to feed the algorithm to the MAFURES.

Flow verification methodology can be applied to many designs. As the design

grows, it facilitates verification. The flow verification tool developed with this method-

ology is somewhat dependent on the optical flow algorithm. This dependency is due

to the specific design of the data transfer timing between the modules. With this

approach, a person who wants to verify the design must first decide on the timing

that should be in his design. Verification should be done with these timing values.

The biggest problem here is that it is very difficult for any tool to predict the behavior
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of the design. So, without trying to predicting, verification is done according to the

specifications given by the designer.

Interfaces that allow the design to talk to the outside of the chip are suitable

for applications involving streaming. We believe that it will be suitable for many

other application types as well as application video processing applications including

streaming. A variety of communication layers are designed on the backplane for

the operation of this interface provided to video processing designers. These two

interfaces have been used in the demonstrations and the developed layered structure

does not need to be modified for other designs.

The architecture estimation tool, which we consider to be very important, has

some dependencies on the optical flow algorithm. In our estimation approach, there

are the number of iteration and loop count parameters that are specific to optical

flow. Our approach is to make an estimation over the biggest unit in the design of the

video processing algorithm. The largest processing unit in optical flow is the iteration

unit. So instead of examining the whole design, this unit was examined. In other

image processing algorithms, first, the most complex units in the algorithm should be

determined. This unit should be synthesized and analyzed. If the algorithm needs to

use this unit more than once, the estimation is very useful. Relevant approaches can

be used by replacing the largest unit with the iteration described in the estimation

section.

The CPU, GPU, and FPGA comparisons given in Results section. These com-

parisons provide an opportunity to analyze the value of different platforms, such as

development time, power consumption. In other applications, these platforms may

resemble each other. It is therefore important to examine the results for different

applications.

The code generation technique plays an important role when we want to design

very quickly. Code generation is done in Perl, a scripting language. And it would be
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very useful to use this method in parameterized applications.

Finally, various IPs were developed which we think can be used in other appli-

cations. The internal structures of these IPs are given in the optical flow hardware

section. These IPs can be used without being modified, if they can meet the needs of

other applications.

As always, there is a lot of room for improvement in this dissertation. For example,

we need to work on more use cases. Based on the experience with these new use

cases, we can especially improve flow based verification and architectural estimation

approaches. It should be possible to apply a data mining approach to architectural

estimation. There is also need for improving our HLS tool; more comparisons are

needed between our tool and mainstream HLS tools. Last but not least, nested

pipelining could prove very useful if more use cases were studied.
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