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Abstract
Scalable FPGA Hardware Acceleration
for H.264 Motion Estimation
© Theepan Moorthy, 2008
Master of Applied Science (MASCc)
Department of Electrical and Computer Engineering

Ryerson University

The H.264 video compression standard uses enhaioadn Estimation (ME) features to im-
prove both the compression ratio and the qualitg@mhpressed video. The two primary en-
hancements are the use of Variable Block Size Mdistimation (VBSME) and multiple refer-
ence frames. These two additions greatly incréaseomputational complexity of the ME algo-
rithm, to the point where a software based reaét{B0 frames per second (fps)) implementation
is not possible on present microprocessors. Tlndware acceleration of the H.264 ME algo-
rithm is necessary in order to achieve real-timegomance for the implementation of the
VBSME and multiple reference frames features. Tlmesis presents a scalable FPGA-based ME
architecture that supports real-time H.264 ME fowide range of video resolutions from
640x480 VGA to 1920x1088 High Definition (HD). Tlachitecture contains innovations in
both the data-path design and memory organizati@achieve scalability and real-time perform-
ance on FPGAs. At 37% FPGA device utilization, ahehitecture is able to achieve 31 fps per-

formance for encoding full 1920x1088 progressiveTNDvideo.
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Chapter 1

Introduction

Motion Estimation (ME) is the process of creatingtimn vectors to track the motion of objects
within video footage. It is an essential part ginm compression standards and is a crucial com-
ponent of the H.264 video compression standar@®]i1,In particular, ME can consist of over

40% of the total computation [3].

Due to this high computing demand, many hardwachitctures have been proposed to ac-
celerate the computation of motion vectors for 4.24-[11]. Most of the architectures, how-
ever, have been implemented in Application Spedifiegrated Circuit (ASIC) technology. Ex-
cept for limited commercial implementations [12}4] llittle information exists on how these al-
gorithms would perform on reconfigurable technodsgsuch as Field-Programmable Gate Ar-
rays (FPGASs). In particular, the FPGA implememtatpresented in [15] specifically targets
portable multimedia devices with CIF-level resadatiand cannot be easily scaled. The FPGA
implementation presented in [16], on the other hamily reaches VGA-level resolution and 27
fps performance. It too cannot be scaled. Inwisk, we propose a scalable hardware architec-
ture based on the Propagate Partial SAD architedilit] and measure its performance on

FPGAs as the design scales.



1 Introduction

The use of FPGAs encourages design reuse andreatlygenhance the upgradability of
digital systems. The programmability of FPGAs astigularly useful for highly flexible encod-
ing systems that can accommodate a multitude stiagi standards as well as the emergence of
new standards. In particular, the scalable harelaechitecture designed in this thesis can be in-
corporated into a single FPGA solution for targgtboth low-resolution applications and high

performance high-resolution applications as well.

The proposed architecture is based on one ofhifee twidely used architectures for motion
estimation — the Propagate Partial SAD [4] [11],C5Aree [10], and the Parallel Sub-Tree [9].
The Propagate Partial SAD architecture was seledtedto its unique blend of efficiency and
scalability. While the SAD Tree architecture hhe highest performance amongst the three
[10], it requires the support of a complex arrashbiffting registers that must have the capability
of shifting in both horizontal and vertical direstis. This array, while efficient to implement in
ASICs, consumes a large amount of FPGA resourths. Parallel Sub-Tree architecture, on the
other hand, is the most compact design amonggshtke. The architecture, however, inherently

does not scale well for high performance applicetif9].

As proposed in [4] and [11], the Propagate Pa8isD architecture processes a single group
of 16 reference blocks at a time. Our design ecésithe original design by allowing it to be
scaled to process several groups of 16 referermekdlsimultaneously. These groups intelli-
gently share a large amount of their referencelpix@ his sharing minimizes the increase in
memory bandwidth as the design scales and makbspeigormance FPGA-based design feasi-

ble in our work.



1 Introduction

The following chapters will cover our design warkmore detail. Chapter 2 provides the
necessary background on digital video compressiamtlerstand the role that motion estimation
plays in video compression. Chapter 3 explaingaonatstimation in detail, and covers some of
the estimation features that are specific to th#6l.compression standard. Chapter 4 discusses
our experimental setup, including the specificoof FPGA device and our chosen base archi-
tecture. Chapter 5 moves on to explain the desighe Pixel Processing Unit (PPU), which is
the basic building block of scalability in our workChapter 6 then covers the specific scalability
challenges that were overcome to achieve scalahilthin practical resource limits. Chapter 7
discusses the aspects of memory design that angeddo successfully support such a scalable
system. Chapters 8 and 9 then conclude the wonrdwiding the performance and hardware
cost results for the design, along with the coriohs and future work that can be drawn from

the results.



Chapter 2

Background & Motivation

In this chapter, we examine the video compressiocgss. We first review how video is cap-
tured in analog form and converted into digitalnfats. We then examine the various digital
formats and standard resolutions available foraidEinally several relevant video compression

standards and compression techniques are discussed.

2.1 Analog Video

Raw digital video in its uncompressed form requiaesonsiderable amount of storage. This
storage requirement is a direct consequence oferting analog signals into digital formats,
while preserving the greatest level of fidelity.ll Bolour video cameras break down light into
three primary colours of red, green, and blue @@B colour scheme). The choice of these
three specific colours is based on the tri-chrométteory of colour vision [3], which states that
the human eye is biologically built with three cgiges of red, green, and blue photoreceptive
cone cells. Hence the use of the RGB colour schewghéces the amount of distortions that are

detectable by a human viewer and enhances fidelity.



2.2 Digital Video

Capturing light in RGB is ideal for true fidelityHowever, reproducing light in RGB was
impractical in traditional television technologie3hus in different parts of the world different
colour coding systems were developed to converhitpe-fidelity RGB signals into more easily
reproducible signals based on 1 luminance (blackh§te component) and 2 chrominance (col-
our components of hue and saturation) values. dDtihe various colour-coding systems, the
three that are the most widely used include:Rhase Alternation Line (PAL) system, thesE-
guential Couleur Avec Memoire (SECAM) system, and thgational Television System Commit-
tee (NTSC) system. The difference in these three systiges within their own unique methods
of transforming and manipulating the RGB signalsdasive the luminance and chrominance
values. Regardless of which colour coding systemsed, converting from RGB to luminance
and chrominance values does introduce a slightitoBdelity. Thus it is important to be aware
that the original RGB colour scheme is the preféwigleo input method in modern video sys-

tems.

2.2  Digital Video

Nonetheless, the luminance & chrominance format sedscted as the format for the analog to
digital conversion. This is due to the fact thahinance & chrominance representation is more
convenient for digital video compression. This wemence revolves around the human visual
system being more responsive to luminance (brigisdngpatial details than to chrominance (col-
our) spatial details [3]. What this means is tvhen humans take in the view of an image as a
whole, our eyes are more sensitive to changesightess over minute areas than to colour.

This aspect of human visual perception can be é@epgldo sub-sample the two analog chromi-



2.2 Digital Video

nance signals when performing analog to digitakwidtonversion. Thus the raw number of
bytes required to capture the analog video canedaced in the analog to digital conversion

process itself.

Many digital formats exist- varying in their target resolutions, chrominanae-sampling
ratios, and analog signal sampling frequencies.e Video resolutions used in this work are
640x480 Video Graphics Array (VGA), 800x608 Sup&A/(SVGA), 1024x768 Extreme VGA
(XVGA), and 1920x1088 High Definition (HD). The rdminance sub-sampling ratio that is
most often used for these resolutions in high ¢yalpplications is 4:1:% for every four lumi-
nance samples only two independent chrominanceesave used. All luminance and chromi-
nance values are sampled at 8-bit quantizatioridetlaus each sample is represented by a single
byte of data [17]. To process this data in raaletiencoders/decoders need to operate at the rate
that the digital video is captured. Consequentydao encoder needs to operate at a frame rate
of at least 30 fps in order to support both thé-tieze sampling frequencies of 24 fps for motion

picture and PAL video and 30 fps for NTSC video.

The storage requirement of a video standard dependts frame resolutions, the chromi-
nance sub-sampling, the quantization level, anfitatse rate. Uncompressed HD video, for ex-
ample, requires 2,080,000 bytes of data to st@ethe luminance values in a single frame. At
the 4:1:1 chrominance sub-sampling ratio 0.52 MBegquired per chrominance values per
frame. Thus the total amount of data per fram&1i2 MB. Capturing the video at a real-time

rate of 30 fps would require 93.6 MB of storageduwery second of video.



2.3 Digital Video Compression

Note that 93.6 MB/s is a staggering amount of @daiae a dual-layer double-sided Blu-ray
disk (with a storage capacity of 100 Giga Bytesgiec) would be able to hold only 18 minutes
worth of uncompressed HD video. The problem exsates as HD resolutions are increased in
the future. Thus video compression is an essentiaiponent of digital video technology.
Video compression has become even more importaiodisny’s networked environments, where
videos are transmitted either through wires or Meggly in real-time through networks often

with extremely limited bandwidth.

2.3  Digital Video Compression

Video compression is achieved on two separate grbgiteliminating spatial redundancies and

temporal redundancies from video signals. Remospegial redundancies involves the task of
removing video information that is consistently eafed within certain areas of a single frame.
For example a frame shot of a blue sky will haveoasistent shade of blue across the entire
frame. This information can be compressed thrahghuse of various discreet cosine transfor-
mations [2] that map a given image in terms ofigist or colour intensities. This paves the way

for spatial compression by only capturing the didtintensities, instead of the spread of intensi-
ties over the entire frame. Since compressionutfitoremoving spatial redundancies does not
involve the use of motion estimation, this topia@ examined further. Interested readers can

refer to [2].

Compression through the removal of temporal rednciéa involves compressing informa-

tion that is repeated over a given sequence ofdsanfror example the objects in the background



2.3 Digital Video Compression

of a news anchor being filmed are not likely to ridpe over the course of the footage. This re-
dundancy can be taken advantage of to reduce dhegst space required for the footage. When
the background does happen to move, recording tr@ymotion of objects over consecutive
frames in the form of motion vectors can still @&sha significant amounts of compression. Con-
sequently, the motion estimation process is thegs® of deriving a suitable Motion Vector
(MV) that best describes the spatial movement ggaib from one frame to the next. Motion es-

timation is discussed in detail in the next chapter

The spatial and temporal compression techniquesisied above have been widely imple-
mented in former compression standards such as MPg@8veloped by the Motion Picture Ex-
perts Group committee). At present, the same twoldmental techniques have been enhanced
and optimized to form the new standard used in #\@@eo compression. The H.264 standard
was jointly formed by the International Telecommuations Union — Telecommunications Stan-
dardization Sector (ITU — T) Video Coding Experteo® (VCEG) and the International Or-
ganization for Standardization (ISO) MPEG committ@ée standard was formally finalized in
March 2003. Where as MPEG 2 had compression rafidsetween 20:1 and 30:1, the new
H.264 standard can achieve compression ratiosghsasi 50:1 and 60:1 and achieve better video

quality [2].

Among many other new features and enhancementsjdsenotable features of the H.264 stan-
dard for this work are its ability to achieve adiirgranularity of motion estimation and its ability
to capture periodic motion. These topics formhbart of the next sections, where they will be

explained and discussed in detail.



2.4 Motion Estimation

2.4 Motion Estimation

The following sections discuss Motion EstimationEMn detail. We first examine the relation-
ship between motion estimation and temporal videmgression. We then define the Block
Matching Motion Estimation (BME) algorithm usedtims thesis. The concepts of search win-
dows and Sum of Absolute Differences (SAD) valuesaiso defined. Finally two H.264 spe-
cific enhancements to ME — Variable Block Size MBBEME) and Multiple Reference Frames

(MRF) — are fully discussed.

Motion compensation is a key process in tempoidéaicompression, which eliminates tem-
poral redundancies found in video. Temporal redmegl occurs when an identical set of pixels
exist across multiple video frames. This is oftansed when an object appears in a set of video
footages, which might correspond to several thodsarh frames. From frame to frame the ob-
ject might change its position due to motion resglfrom camera pans or zooming (global mo-
tion), the active motion of the object itself (tsdational motion), or a combination of both global

and translational motion.

Motion estimation is the technique of finding atable Motion Vector (MV) that best de-
scribes the movement of a set of pixels from itginal position within one frame to its new po-
sitions in the subsequent frame. Encoding justntiedion vector for the set of pixels requires
significantly less bits than what is required tc@ate the entire set of pixels, while still retamin

enough information to reproduce the original videquence.



2.5 Block Matching Motion Estimation

2.5 Block Matching Motion Estimation

Several different algorithms derived from variohedries, including object-oriented tracking,
exist to perform motion estimation [3]. Among theome of the most popular algorithms is the
Block Matching Motion Estimation (BME) algorithmBME treats a frame as being composed
of many individual sub-frame blocks, known as m&togks. Motion vectors are then used to
encode the motion of the macroBlocks through franfegdeo via a frame by frame matching

process.

When a frame is brought into the encoder for cosgom, it is referred to as the current
frame. It is the goal of the BME unit to descrthe motion of the macroBlocks within the cur-
rent frame relative to a set of reference framese reference frames may be previous or future
frames relative to the current frame. Each refezdrame is also divided into a set of sub-frame
blocks, which are equal to the size of the macroBo These blocks are referred to as refer-
enceBlocks. The BME algorithm will scan severaldidate referenceBlocks within a reference
frame to find the best match to a macroBlock. Oiheebest referenceBlock is found a motion
vector is then calculated to record the spatigbldisement of the macroBlock relative to the

matching referenceBlock, as shown in Figure 2.5.

10



2.5 Block Matching Motion Estimation

Motion
N\ Vector =\ —\

K y - ¢
g )

Current Frame Reference Frame

\\
\\

Figure 2.5 Block Matching Between Current & Reference Frames

Note that the BME algorithm can introduce a loeafors and distortions, which need to be
handled by other encoding processes external tBMie unit. In particular, BME assumes that
all pixels in a macroBlock are moving with one wnih velocity. There, however, can be many
instances within a video frame where this assumgioply is not true. Consider a macroBlock
that captures the edge of a baseball bat comingcomttact with the edge of a baseball. After the
contact, the ball and the bat will have very digiarvelocities. Thus no single motion vector for
that macroBlock will accurately capture the twofeliént velocities of the ball and bat simulta-
neously. Nevertheless, a BME unit will still prdei a motion vector for that macroBlock that
describes the best possible position match. thasole of the encoder to determine if this “esti-
mated” motion vector should be accepted or note &hcoder might also fill in the necessary

corrections as appropriate.

Reducing the macroBlock sizes will increase theliitood that all pixels within the macroB-

lock have a uniform velocity. Since a smaller no&tock is less likely to contain several ob-

11



2.6 Search Windows

jects that move in different directions and speddlgt such an increase in accuracy comes at the
cost of an increase in the number of macroBlockdaene. Thereby increasing the total num-
ber of motion vectors that are required per frarireturn this increases the amount of required
computations. Through much analysis and experiatient a 16 pixel x 16 pixel 256-pixels-
square macroBlock size has become the standarel isioffers the best compromise between ac-

curacy and computational complexity [18].

The H.264 standard utilizes an adaptive macroBkizk switching technique, which em-
ploys macroBlocks smaller than the standard 16x4€, & when finer granularity of motion is
detected within a video sequence. This enhancemmel@scribed in detail in section 3.5, where

ME enhancements specific to the H.264 standardiaceissed.

2.6 Search Windows

When searching a reference frame for possible nBd@c& matches, the entire reference frame
is not searched. Instead the search is restristédn a search window. Search windows in
most H.264 implementations have a size of 48-pipa@ks) x 63-pixel (columns). In this thesis,

we use the same 48x63 search window size. Thidomirconsists of a vertical search range of

[-16, +16] and a horizontal search range of [-ZBJ4pixels as illustrated in Figure 2.6.

12



2.6 Search Windows

47-pixel Horizontal Search Range
24 Pixels + 23 Pixels

A\

= 32-pixel
% ’ Vertical
Search

\ T
\ } Range

Current Frame Reference Frame

Figure 2.6 Search Window Size Definition

In the figure, the dashed large rectangle in tliereace frame represents the 48x63 search
window area. The dashed square in the top lefiezoof the search window represents the first
of the 1584 possible candidate 16x16 referenceBlo@&ach subsequent referenceBlock is offset
by either one pixel row or one pixel column from jiredecessor while the entire search window
area is covered by the overlapping candidate neéef@locks. Note that the original 16x16 mac-
roBlock is positioned at the centre of the searaidaw. In order to compare it to every candi-
date referenceBlock within the search window, tteemBlock has a maximum displacement of
24 pixels to the left, 23 pixels to the right, li&gss up, and 16 pixels down from its original po-
sition — resulting in a horizontal search rangg-2#, +23] and a vertical search range of [-16,

+16].

Note that the horizontal search range is greatar the vertical search range. This is due to

the fact that in real life video coverage greatelowities of motion often exist in the horizontal

13



2.6 Search Windows

plane than in the vertical plane. For exampleports coverage, greater motion more often ex-
ists horizontally along the playing field than bes$ vertically to the field. Video coverage of
events with extremely fast motion may call for evader search windows since the BME algo-
rithm cannot detect objects that move outside efsarch window boundaries. Encoders spe-
cifically designed to handle extremely fast-motiedeo typically use larger search windows and

must also handle the increase in computational éxiip.

Within a search window of 48x63 pixels there wil & total of 1584 (33x48) possible candi-
date referenceBlock matches to be made per maakBIA&n exhaustive motion estimation al-
gorithm examines all 1584 matches for every ma@oRl Such an exhaustive search results in
the best video quality and compression ratios [18gnsequently an exhaustive search BME al-

gorithm is used in this work.

Note that the referenceBlocks in Figure 2.6 arsatffrom each other by either one row or
one column of pixels. This is commonly referrecatolinteger Motion Estimation (IME). How-
ever, there exists another branch of motion esiomaiat deals with referenceBlocks offset
from each other by displacements less than ond pixaovement. Called fractional or sub-pel
motion estimation, it is most often performed bgemond independent Fractional Motion Esti-
mation (FME) unit. The FME unit is external to tiME unit and uses the output motion vectors
of the IME to further refine the best matched refieeBlock to sub-pel accuracy levels within
the search window. The design of FME units is Inelythe scope of this thesis and is not dis-

cussed further.
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2.7 SAD Matching Function

2.7  SAD Matching Function

Given that a digital video signal is composed afrggle luminance component and two chromi-
nance (colour) components, motion estimation urtitee only the luminance data. This design
choice stems from the fact that a lack of colowsdnot adversely affect one’s ability to discern
motion. The luminance components (and the chronc@@omponents as well) are quantized to
8-bit data values. Each 8-bit luminance value @spnts a single byte of an unsigned integer
value ranging from 0 to 255, where 0 correspond=eto luminance (purely dark/black) and 255

to maximum luminance (purely bright/white).

The mathematical matching function employed byBME algorithm considered in this the-
sis is widely known as the Sum of Absolute Diffazes (SAD) function. This function is used
to assign a numerical SAD value to every singleroBlock-referenceBlock pair and is defined
as follows:

k=256 (1)

SAD = » |Pk - Rk

k=1
In equation (1) Pk and Rk refer to the luminanceigéls within a macroBlock and a candidate
referenceBlock, respectively. Explicitly stateke tSAD function, calculates the absolute lumi-
nance differences between all pixels in a macraBkad their corresponding pixels in a refer-
enceBlock. The function then accumulates theselatesdifference values over all 256 mac-
roBlock-pixel to referenceBlock-pixel pairs. Cogeently to obtain a SAD value for a 16x16

macroBlock to referenceBlock comparison requirestal of 256 subtractions & additions.
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2.7 SAD Matching Function

A lower SAD value between two macroBlocks indicadsetter match. A perfect match will
have a SAD value of zero since all of the pixelil@mce values in the macroBlock will be iden-
tical to the pixel luminance values in the refeelock. The worst match compares a com-
pletely dark (black) macroBlock to a completelygiti (white) referenceBlock. In this case, all
of the pixel luminance values in the macroBlock wé equal to 0 and all of the pixel luminance
values in the referenceBlock will be equal to 2550onsequently, the absolute difference be-
tween each pair of macroBlock and referenceBlogklpiwill be 255. This difference is accu-

mulated 256 times across all pixel pairs and resnla maximum SAD value of 65,280.

A noteworthy limitation to the SAD match criterities in the fact that by design it estimates
purely 2 dimensional motion only. In other wordsption vectors are only created for objects
(macroBlocks) that have 2D movement between frammes,in fact any 3D movement that may
exist in a video will introduce severe errors in[EBased motion estimation. Consider video
footage that contains the sphere of a model glpensg on its axis, a macroBlock that cap-
tures the entire globe will have no 2D spatial mogat from frame to frame. But due to the ro-
tation of the globe, pixel values within the madatk will be entirely different in the next
frame. To the ME unit (through SAD measuremerits), macroBlock has disappeared in the

next frame.

Smaller macroBlocks will not improve motion estiiatfor the globe. Real life 3D motion
introduces complex variations in light illuminatiand reflection. The mathematical SAD crite-
rion used by BME to calculate a match, however,sdoet account for such 3D based pixel
variations. Thus 3D motion is essentially ignoeedl treated as miss-matched SAD values by
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the encoder. There are other mathematical mattdriarthat use various averaging schemes to
better quantify matches, but they are not widelgdus industry [18]. Consequently only the

SAD criterion is investigated in this thesis.

2.8 H.264 - VBSME

H.264 introduces two new features to ME — the \MdeaBlock Size Motion Estimation
(VBSME) and the Multiple Reference Frame (MRF) sharg. VBSME has slightly higher
computational complexity than traditional ME, bugrsficantly increases the output bandwidth
of the ME unit. MRF searching, on the other hataks not change the output bandwidth of an
ME unit but does significantly increase the amowintequired calculations. These points are

examined in turn.

In previous video compression standards, such aS®/P, a fixed 16x16 macroBlock size

was used. The H.264 standard introduces VBSMEdwige the encoder with the capability of

adapting to smaller macroBlocks during encodingshasvn in Figure 2.8.1.
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Figure 2.8.1 Comparisons between FBSME and VBSME [19]

As shown, the fixed 16x16 macroBlocks sizes ard wugted for large areas of consistent mo-

tion, such as the clouds moving through the skgweéter, when more fine grain motion occurs,

such as the plane’s landing gear retracting ineolane during takeoff, smaller macroBlocks

will more accurately capture the minute detaildsh&f motion. Therefore the H.264 standard re-

quires the ME unit to provide not only the SAD \alior the large 16x16 macroBlock, but also

40 other SAD values for 40 subBlocks of the 16xiek as shown in Figure 2.8.2.

1 16x16

2 16x8

2 8x16

4 8x8

8 8x4

8 4x8

16 4x4

Figure 2.8.2 The 1 macroBlock and 40 subBlocks in VBSME
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When all subBlocks are in uniform motion, all siddk motion vectors will be the same as
the motion vector for the entire macroBlock. Hoee\vf fine grain motion exists and subBlocks
are moving in different directions, subBlock motieactors can differ significantly from each
other and from the motion vector of the macroBlo€konsequently the ME unit must be able to

generate a separate motion vector for each ofubBlecks.

In addition to using the motion vectors to perfdfME on subBlocks, the encoder also has
to decide on whether or not the minimum SAD valbesg reported are indeed acceptable mo-
tion matches. To do this, the encoder has a seterfset SAD threshold values (one for each of
the 41 blocks), which it uses to determine whether“match” being reported by the ME unit
should be rejected or used. As an example, cangidaleo sequence that fades out to black in
one scene and then opens up in the next sceneaviitme of blinding white light. If the com-
pletely white frame is passed to the ME unit ascilmeent frame and the completely black frame
is used as the reference frame, all matches wikdueally bad with a maximum SAD value of
65,280. The threshold values allow the encodeafigoard all the SAD values and directly en-
code the current frame instead of using the motextors. Consequently for VBSME, the ME
unit must deliver 41 minimum SAD values along wikie positions at which these SADs are
found for every macroBlock. These 41 SAD values miotion vectors are typically delivered in

parallel to ease the design of the subsequent tiaitsonsume these values.

Although having the 41 separate SAD values andamotectors increases the output
bandwidth of the ME unit, the extra calculationguieed to produce the 40 extra SADs for the
subBlocks are relatively insignificant. In parfi@uas it will be shown in Chapter 4, 256 addi-
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2.9 H.264 — Multiple Reference Frames

tions and subtractions will still be needed to gateethe 16 SADs for the 16 4x4 subBlocks.
After this point the individual SADs of the 16 subBks can be added in various combinations
to form the SADs of the larger subBlocks and thenomBlock. In this manner only 25 extra ac-
cumulations are required to generate the remai@Blm@BEADs from the 16 smallest 4x4 sub-

Blocks’ SADs [11].

2.9 H.264 — Multiple Reference Frames

One of the most significant enhancements to ME i26H is the support of motion estimation
across Multiple Reference Frames (MRF). This maaas when searching for the potential
match for a macroBlock, the macroBlock is compagdinst one search window in each of the
multiple reference frames. Therefore using twenmaice frames doubles the total number of
operations required to find a match. Similarlyngséd reference frames quadruples the amount

of operations.

Most industry applications demand support for the of at least 4 reference frames even for
real-time ME, although the H.264 standard allowsup 16 reference frames. As such the ME
design requirement in this thesis also supportefdrence frames in real-time for each target

video resolution. The advantages of multiple refiee frames are best illustrated in Figure 2.9.
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Figure 2.9 MRF in H.264 verses SRF in Previous Standardp [20

The figure shows that when using only a singlerszfee frame, the ME unit can not recog-
nize periodic motion. In the figure, better ma&lier the wing position of the bird can be de-
tected if extra frames prior to the immediatelyyoas frame are also considered and scanned.
A higher number of acceptable matches not onlyeases the compression ratio, but also in-
creases the quality of the video by allowing thdiorto be more life-like [20]. However, these
benefits do come at the cost of the ME unit hatmmgcan multiple search windows before de-

ciding upon the best matching referenceBlock.

2.10 Hardware Architectures for H.264 VBSME

The proposed architecture for this work is basedma of the three widely used VBSME ar-
chitectures — the Propagate Partial SAD [4] [LADSTree [10], and the Parallel Sub-Tree [9].
The Propagate Partial SAD architecture was seledtedto its unique blend of efficiency and
scalability. While the SAD Tree architecture has lighest performance amongst the three [10],

it requires the support of a complex array of giiftregisters that must have the capability of
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2.10 Hardware Architectures for H.264 VBSME

shifting in both horizontal and vertical directionghis array, while efficient to implement in

ASICs, consumes a large amount of FPGA resourdes PRrallel Sub-Tree architecture, on the
other hand, is the most compact design amonggshtbe. That architecture, however, inherently
does not scale well for high performance applicetif9]. These points are further explained in

this section.

The SAD Tree architecture achieves the highesbpmdnce levels by using a purely combi-
national fast adder tree circuitry to compute dlthee 41 SAD values of VBSME. It accom-
plishes this by initially using a 2-D grid of abstd-difference circuits, or Processing Elements
(PEs), to derive the SAD values for the smaller Bigtks. The outputs of these smaller SAD
blocks are then funneled down into an upside dowamid like adder tree structure to generate

the SADs of the larger block comparisons [10].

The SAD Tree architecture uses multiple instartregiof its combinational adder tree to in-
crease its parallelism and thereby its performanteese multiple instantiations can be effi-
ciently routed within the ASIC domain. Howevema each tree structure does not inherently
have any register stages, routing multiple copiesueh structures within an FPGA domain
poses excessive delay problems. The lower cloekdgpof FPGASs are generally countered with
increased parallelism and/or deeper pipelining oeth Since massive parallelism is already be-
ing employed within the SAD Tree architecture itséhe only available option to mitigate
slower FPGA clock speeds is to implement pipelisiadies. Adding pipeline stages to the adder
tree, however, voids one of the original advantagfethe SAD tree architecture — its ability to
use fast combinational adder trees.
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2.10 Hardware Architectures for H.264 VBSME

Moreover, the SAD Tree architecture’s ability taeedast adder trees does come at a cost of
requiring the support of a highly flexible referenuixels register array to feed its multiple adder
trees. As each SAD adder tree executes referdnck bomparisons vertically down a search
window, the array must continually shift verticathpwn the reference pixels and feed the new
data to an adder tree during its operations [10]addition, after the set of multiple adder trees
have finished processing several columns of reterdrocks vertically, a horizontal shift of ref-
erence pixels must be performed in order to feetthennext horizontally adjacent set of vertical
reference blocks. This requirement of the regiateay to perform both vertical and horizontal
shifts poses yet another problem in successfullylementing the SAD Tree architecture on an
FPGA platform. Although shift register chains arailable within modern FPGA fabrics, they
are unilaterally one-directional and cannot be useatchieve shifts in both the vertical and hori-
zontal directions. Building a custom shifting ar@n an FPGA, on the other hand, would re-

guire excessive FPGA resources and is unlikelyhiesre high performance.

The Parallel Sub-Tree architecture offers the layesformance levels out of the three cate-
gories of architectures introduced in this sectiblowever, as a trade off for its low performance
it gives the smallest area utilization. As its masnggests, it does not use a full blown adder tree
to calculate all 41 SADs in one clock cycle. Ratliteuses a single row of sub reference data at
a time and uses 16 cycles in total to process@ltolvs of a 16x16 referenceBlock. By this
process, intermediate registers are required t@ sh® partial SAD accumulations. This archi-
tecture can also use multiple instantiations of ghb-tree in parallel to scale its performance.
However, since only a sub-tree portion is beingduseeach instantiation, the gains in perform-
ance are only marginal. Numerous copies cannadfii@ently created to compensate for the
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2.10 Hardware Architectures for H.264 VBSME

marginal gains due to the proportional increasénumber of registers required to store the in-

termediate SAD values.

In light of the disadvantages to the above twogmies of VBSME architectures, in regards
to achieving scalability on an FPGA platform, th@pagate Partial SAD architecture was cho-
sen as the most suitable architecture for this worke detailed operations of the architecture
and more importantly how it can be scaled on FP@rsexplained in the following two chap-

ters.
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Chapter 3

System Design for Scalability

This chapter presents the overall system desidre allvantages of using a Field Programmable
Gate Array (FPGA) based hardware platform over g@pligation Specific Integrated Circuit
(ASIC) platform is presented and the specific FP@vice used for this thesis is discussed.
General system operation of this thesis’'s ScalBBIBA ME System is explained along with the

computational demands placed on the system foabé&cation of real-time H.264 ME.

3.1 FPGA Device

The flexibility of Field-Programmable Gate ArraySRGAs) encourages design reuse and can
greatly enhance the upgradability of digital systeithis flexibility is particularly useful in the
design of highly flexible video ME units that needhandle varying resolutions of video while
trying to maintain real-time performance requiretsenApplication Specific Integrated Circuits

(ASICs), by the very nature of their constructianrobt have such flexibility.

The specific FPGA device selected for this workhis XC5VLX330 device from the Virtex

5 family of FPGAs [21]. This particular device waslected primarily due to its large In-
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3.2 System Operation

put/Output (10) bandwidth (with 1,200 user accessl® pins) and its relatively large logic ca-
pacity (with over 207 K Look-Up-Tables (LUTS)). &lavailability of 288 36 Kbit RAM Blocks

on-chip, also makes the device attractive for @argh Window buffering capabilities.

3.2  System Operation

At its most basic level the ME system accesses oBdack and referenceBlock data from stor-
age registers or memory and calculates their SADega For every macroBlock to reference-
Block comparison, 512 bytes of data need to besscc256 bytes are accessed for the 256 pixels
of the 16x16 pixel macroBlock, and another 256 §yte the candidate referenceBlock of equal
pixel size. The number of macroBlock to refererloeB comparisons needed for real-time ME
of High Definition (HD) video is roughly equal to5.Giga comparisons. Thus data/memory ac-
cess issues, along with high performance data ppling an important role in the design of effi-

cient ME systems.

Most high-performance architectures tend to stoee266 pixels of a macroBlock locally on-
chip since the macroBlock is repeatedly accessel &me a macroBlock-referenceBlock com-
parison is made. The Scalable FPGA ME unit of tiesis also adheres to this design principle.

An overview of the system block diagram is presemeFigure 3.2.
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Figure 3.2 System operation of the Scalable FPGA ME unit

In Figure 3.2 the macroBlock for which a refereniceR match is currently sought is the
block that contains the football player's helmeteri Notice that it is stored locally on the
Virtex 5 chip itself. The remaining data for aflthe 1504 (a [-24, +23] horizontal x [-16, +16]
vertical search range) candidate referenceBlockiigirated as being stored off-chip while they
can also be implemented using the on-chip RAM BsocRhe 1504 comparisons are executed
on the FPGA and the 41 minimum SAD values (i.e st matches) are reported to the encoder

along with the referenceBlock positions at whichheaf the 41 SADs was found.

3.3 Core Architecture

The selection of a core architecture to use withe\FPGA ME unit was based on the following
two criteria. First the architecture had to haightperformance. That is to say that the architec-

ture would focus on delivering the SADs per congaarias rapidly as possible, without being
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3.3 Core Architecture

overly concerned as to the hardware cost. Sedwndrchitecture had to lend itself to be instan-
tiated multiple times. In these two aspects,adiiure survey revealed that the Propagate Partial

SAD Architecture (PPSA) defined within Ikenaga lesavork [11] was the most suitable.

The Ikenaga architecture is a high-performanchicture. It utilizes 256 8-bit registers to
store all of the pixels of the macroBlock locallydait is able to produce all of the 41 SAD values
per macroBlock-referenceBlock comparison at evdogkccycle. The original Ikenaga is im-
plemented in 0.18 ASIC technology and can be run at a maximum cliveuency of 227

MHz.

At 227 MHz, although a high performance design,lkemaga architecture falls short of real-
time HD video performance and can only support-tiea (30 fps) ME for VGA (640x480)
video. We will first elaborate on the detailed idasof the Ikenaga architecture. Then we will
perform some detailed analysis on its performarkggure 3.3 presents a semi black-box view of

the Ikenaga architecture.
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Figure 3.3 Propagate Partial SAD Architecture (PPSA) Bladk®iew

The PPSA can be viewed as a 2 dimensional 16-gtigpgdine, which consists of a 16x16
systolic array [4]of Processing Elements (PEs). To keep the pipélitg functional and to
achieve a 100% throughput, without any bubbles&épipeline, the architecture requires a dual-
bus input interface. Each input bus is 16 bytefewiSince the luminance value of a single pixel
is a 1-byte (8-bit) entity, each of the 16-byte dmusvill be read as a row of 16-pixels in every
clock cycle. Buses A and B are not always simeltarsly active for all clock cycles, but they

must function simultaneously for cyclic portionstbé clock cycles.

Note that neither of the two buses is used to lbadroBlock data into the datapath. Both
buses are used to deliver only referenceBlock date 256-pixels worth of macroBlock data is
pre-loaded into the 256 PEs illustrated as the &Gyid of ovals in Figure 3.3. Each PE con-

tains an 8-bit register to store one pixel of therent macroBlock. In addition to the register,
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each PE also contains a fast absolute differercaiti This circuit is used to calculate the dif-
ference between the macroBlock pixel stored in8Hst register and a referenceBlock pixel.
The reference pixel is selectively chosen from ohthe two input buses. To make this choice,
each PE is also wired to a multiplexer at its inghat allows it to read from either of the two

buses.

In the early four-stages of the pipeline operatio® smallest SAD values for the 4x4 sub-
Blocks of VBSME are calculated. Then these 4x4 SAllues are propagated further down the
pipeline and accumulated with other absolute diffiees to form the larger SAD values, all the
way up the last 16x16 SAD value. The 16x16 SADugalong with the other 40 smaller SAD
values form the set of 41 SAD values required tdr WBSME support. The detailed design of
Ikenaga’s PPSA will be presented in the next chiagdteng with a description on how it can be

incorporated into a scalable design.

For this thesis the 10 usage required to fully supghe PPSA design and the level of per-
formance that can be gained if the 10 requiremermsiupported, as the architecture is scaled, are

the two essential factors for real time performamecd-PGAs.

As mentioned earlier, the PPSA supports a rapidutudf all 41 SADs per clock cycle which
means that a single macroBlock to referenceBlockparison is being completed at very cycle.
A modern High Definition (HD) resolution frame oideo has a pixel area of 1920 (columns) x
1088 (rows). For this 1920x1088 area, 8160 16xHg&roBlocks are needed to encode the

frame. The 48-pixel Vertical by 33-pixel Horizohtearch range requires that 1584 candidate
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referenceBlocks be compared against each macroBlbtR64 based ME implementation fur-

ther demands four reference frames to be used @itiphe reference frames. This means that
6336 (4x1584) comparisons are needed for each Bl Thus over 51 Mega comparisons
are needed for every frame of HD video. At 30ffpsreal-time video, this amounts to over 1.5

Giga comparisons per second.

The PPSA supports one macroBlock to referenceBtockparison per clock cycle. There-
fore it would need to operate at ~1.5 G Hz in ordeperform the VBSME required for HD
video at 30 fps. However, since its W1I8MOS technology only supports a maximum clock
rate of 227 MHz, at this speed it is only able apmort VGA (640x480) resolutions at 30 fps.
Given that FPGA speeds are nowhere near being leapath.5GHz clock frequencies, in order
for an FPGA implementation to deliver real time Widleo performance, it needs to achieve
massive parallelism through the multiple instamdra of the PPSA. In this work a single instan-
tiation of the Propagate Partial SAD Architecturdl henceforth be referred to as a Pixel Proc-
essing Unit (PPU), as such multiple PPSA instaptiatwill be called PPUs. The following sec-
tions introduce and explain the challenges thaeveeercome to achieve a high level of parallel-

ism on the FPGA platform through the multiple imsiation of PPUs.

3.4 Standard PPU Data Flow

Each PPU requires two 16-byte wide input busesddnii3-to-17 bit wide output buses (one for
each of the 41 SAD values). The following sectidescribe how this standard design can be

scaled to obtain higher performances. The newabtmlimotion estimation unit design intelli-
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gently shares input data and funnels the SAD ostpiubugh a series of comparators to mini-
mize the increase in its IO bandwidth as the desmales. We first discuss the data flow of a
standard PPU. We then describe the scalable mesmation unit and how it utilizes the data-

flow of the PPUs to reduce its 10 bandwidth.

As is discussed in section 3.2 and 3.3, the PrdpaBartial SAD architecture speeds up
VBSME algorithms by simultaneously calculating S&&8lues for 16 reference blocks at a time.
In particular, the architecture takes advantagieffact that, in a search window, every vertical
group of 16 reference blocks share a common rob6edixels as is shown in Figure 3.4. In the
Propagate Partial SAD architecture, this commonisotlien used to simultaneously calculate 16
absolute difference values for each of the 16 esfeg blocks. A specialized pipeline structure
within a PPU is then used to accumulate these atesdifference values to produce the 41 SAD

values per reference block at every clock cycle.
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Figure 3.4 Pixel Sharing within Pipeline

To support the performance described above, threaneunit is required to feed a 16-pixel-
row of search window data to the PPU at every clogite. Furthermore, as the column of 16-
pixel rows nears its completion, an additional b&|s from the next column must be simultane-
ously fed as well. The reason for this is to kadpPU’s pipeline filled at all times without suf-
fering additional latencies. This dataflow reqment dictates that a 32-pixel/byte bandwidth
must be given to each PPU. The next section desciow this can be accomplished for
PPUs without the total input bandwidth being insezhbyn x 32 bytes, as the performance of

the motion estimation unit is scaled.

3.5 |O Bandwidth Reduction

The overall structure of the scalable VBSME ardiiee is shown in Figure 3.5.1. It consists of

a bank of memory that stores the search windownpumt distribution unitn Pixel Processing
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Units (PPUs), and two sets of comparators. The ongrstoring the search window is divided
into two partitions. Each partition contains artput of 15+n pixels. These outputs are ex-
panded into & buses by the input distribution unit, where eaah bontains 16 pixels. The 2

buses are then fed intoPPUs, which have been initialized with a macroRlepixel values.

Search Window
Memory

(15+n) pixelsiAL lBL15+n) pixels
|

Input Distribution Unit | 2n bhuses
eac
1 EIL iz BZL-ooin En'?i%n;?xigigg
n Pixel Processing
Units (PPUs)

41 SADsélL izﬁ S.A.D.s irﬂ SADs

Local Parallel Comparator
Tree

$|_ 41 SADs

Global Sequential
Comparator

S |41 SADs

A

Figure 3.5.1 The Scalable ME Architecture

The PPUs are used to produte 41 SAD values at each clock cycle. Thase 41 SAD
values are then used to compute the minimum SADegabf the search window in two steps.
First, then x 41 SADs are fed into the local parallel compardatee. This tree computes 41
minimum SAD values from its n x 41 inputs. Thedbminimum SAD values are forwarded to
the global sequential comparator, which determthes41 minimum SAD values for the entire
search window. Note that the global comparatmfia conventional less-than comparator de-
sign as shown in Figure 3.5.1 [11] and the scatihthe VBSME architecture does not affect its

complexity.
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The detailed design of the input distribution uthe PPUs, and the local parallel comparator
tree is shown in Figure 3.5.2. As shown, the adréhe scalable VBSME architecture is the
PPUs, which are based on the Propagate Partial &élidtecture. Each PPU produces 41 SAD
values (corresponding to an entire set of SADsafsingle reference block) at every clock cycle.
The number of PPUs utilized in the scalable archite, therefore, corresponds directly to the
number of reference blocks that can be processadliock cycle and the overall performance of
the system. However, as the number of PPUs inesedlse output bandwidth required for the
search window memory increases as well. In pddicin order to keep a PPU fully utilized
during motion estimation, one would require two soef 16-pixels to be forwarded from the
search window memory to the PPU at every clockecyohe row from each of the search win-
dow memory partitions) [11]. Typically, a byteused to encode a pixel, therefore one needs to

transport 32 bytes from the search window to a RP&very clock cycle.

Reference Row from Memory Partition A
12 3 4 eee 16171819 e e

L RPlxel
Indices

Reference Row from Memory Partition B
123 4 eee 16171819 e
N~Pixel

Llj:' Indices

ComBérator

41 SADs

Figure 3.5.2 Input Distribution Unit, PPUs and Local Comparato
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A naive approach would be to simply increase thgput of the search window memory by
32 bytes for every additional PPU. However, thas quickly exhaust the internal memory
bandwidth of an FPGA (if the search window is stiooe the same chip as the PPUSs) or the 10
pin limit of even the largest modern FPGAs (if #®arch window is stored off chip). For exam-
ple, the Xilinx XC5VLX330 is the largest device théilinx currently offers. It contains 1200
available 10 pins. Assume that the search windewtored off chip. Implementing a single
PPU on the XC5VLX330 would require 256 input pinsaplementing four PPU copies would
require 1024 pins (over 85% of the available 10glen XC5VLX330) — leaving an insufficient

number of 10s for output and control signals.

More importantly, the above approach does not mateeaccount the large number of pixels
that are shared among the reference blocks. Fampbe, Figure 3.5.3 shows 32 reference
blocks in a search window. These blocks are dividéo two groups where each group contains
16 reference blocks. Within a group, the referdnloeks are organized to be processed by their
own dedicated PPU, where all blocks are containigbirwa single 16-pixel wide column and
one block is offset from the next by a single rdwpixels (which is fed to the PPU cycle by cy-

cle).

Since one group is offset from another by a sicglemn of pixels, all 32 blocks in Figure
3.5.3 share 15 common pixels. To increase perfocmathese two groups can be simultane-
ously processed by two PPUs (shown as PPU x and(®FL) in the figure). Since 15 pixels
are shared between the groups, one would requimxers (instead of 32) to be read from the
search window (per single bus) at a time. In paldr, if pixels (a, y), (a+1,y), ..., (a+15, y) of

36



3.5 10 Bandwidth Reduction

the search window are being processed by PPU g|9{a+1, y), (a+2, y), ..., (a+16, y) should

be simultaneously processed by PPU (x+1).

In general, to fully utilize n PPUs, one would uegq (15 + n) pixels to be read from each
partition of the search window memory for everycgla@ycle. These signals should then be dis-

tributed using the topology shown in Figure 3.5.2.

16 pixels 1 pixel
~M

Pixel for PPU x

15 Pixels Shared
16 pixels { between PPU x
and PPU (x + 1)

Pixel for PPU (x + 1)

— zZ= G-

vee \WZ77777777777777 YY)

16 pixels
eee 16 Reference Blocks
for PPU x
~ "
16 Reference Blocks
for PPU (x + 1) oo

Figure 3.5.3 Sharing of Pixels among PPUs

At its output, each PPU shown in Figure 3.5.2paes 41 SAD values at every clock cycle.
These SAD values amount to 573 bits of data. Tepkbe output width constant as the number
of PPUs increases, the local parallel compara&® is implemented on the same FPGA as the
PPUs. Note that the number of comparator treeestegequal tdlog,(n) | where n is the number
of PPUs that the architecture contains. We obs#rakeby registering the values produced at
each stage of the comparator tree one can ensafré¢hth comparator tree does not become the
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3.5 10 Bandwidth Reduction

critical path of the system. Consequently, theraVsystem performance does not degrade sig-
nificantly when an increasing number of PPUs aexlusAny minor drops in clock speeds, by 1
to 2 MHz, as more PPUs are added to the systermaire likely due to a slight increase in rout-

ing delay as the size of the comparator tree gratber than any increase in logic delay.

Up till now, only the flow and organization of dead#ter it has been outputted by the Search
Window Memory has been presented. It has beemesithat the memory structure is capable
of outputting the correct amount of pixels, rowroyw — with a maximum bandwidth of simulta-
neously outputting two 31-pixel rows (16-PPUs casa} the correct time. Chapter 4 will dis-
cuss in detail the logical to physical memory magpiand memory organizations that are re-
quired to sustain this high output bandwidth frdme Search Window Memory, as well as the

detailed design of the PPU itself.
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Chapter 4

PPU & Memory Design

The fundamental building block of this work is tRxel Processing Unit (PPU). Its detailed de-
sign is covered in the first three sections of tthapter. A bottom to top approach will be used
to cover all the sub-modules that have been uséeditd the PPU. The final sections discuss the

detailed memory organization aspects of this work.

4.1  Absolute Difference Accumulation Circuitry

The absolute difference calculation, between theinance value of a current pixel and a
reference pixel, forms the very basis of a Motiatifgation unit. In the Propagate Partial SAD
Architecture (PPSA) of Ikenaga’s work [11], foumsiltaneous absolute difference operations
and their accumulation form the basic building Blo€ their architecture. In our work this basic

building block is referred to as the Row_Adder medu
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4.1 Absolute Difference Accumulation Circuitry

Broadcast Bus

Row Adder O

10-bit Register

PSAD?

11-bit Register

A 4

PSAD3

12-bit Register

> 4-Stage

Pipeline

A 4

PSAD4

13-bit Register

4x4 SAD Value

Figure 4.1 4 Row_Adder modules and the Four_by Four_Blockule

Four Row_Adder modules are connected togetherllyet@a calculate the absolute differ-

ences of 16 current and reference pixels, asustiited in Figure 4.1. In the figure, the subtrac

tion signs enclosed by a circle represent the Beieg Elements (PEs). Each PE contains the

absolute difference calculation circuitry and ahiBregister to store a pixel value from the cur-

rent macroBlock. The three “+” symbols beneathhesat of 4 PEs represent the adder-tree used

to create the output of the Row_Adder module.
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4.1 Absolute Difference Accumulation Circuitry

Each of the Row_Adder modules represents a singpaxial stage of the four stage accu-
mulation, thus its output is referred to as a BaBum of Absolute Differences (PSAD). With
the exception of the very first Row_Adder module temaining 3 Row_Adder modules have to
add their own four absolute difference values togteceding PSAD value passed to them. Thus
the adder tree and final storage register widteawh Row_Adder stage grows in the subsequent

stages.

The Row_Adder modules are the critical path ofwimele PPU design. Thus lkenaga et al.
in their work have chosen to implement a Carry Ssdder (CSA) tree structure for the accumu-
lation of the four absolute difference results atheof the 4 Row_Adder stages. The CSA trees
are used in lkenaga’s ASIC domain to optimize tha#ecal paths and thus minimize the gate
delays to the lowest possible levels. On the FRG&&orm, however, through experimental re-
sults, it was found that the CSA tree structureedpadvantage only applies to the last 3
Row_Adder stages. The use of a CSA tree for tis¢ $iage actually slows down the perform-

ance by 0.042 nanoseconds (from 3.076ns obtainbdwutiCSA).

For the very first stage, accumulation of a presi®SAD is not required and thus its width is
the narrowest at only 10-bits. For this narrow tWvjdhe built in carry-chain adders within the
FPGA fabric designed for fast-arithmetic outperfakenaga’s CSA implementation in ASIC.
However, when the width of the Row_Adder modulets dgrger in the latter 3 stages the CSA
tree structure begins to outperform the carry-chdiherefore in this work a straightforward ad-
der tree is implemented in RTL Verilog for the fikow_Adder module, which the Xilinx Syn-
thesis Tool (XST) then optimizes using the FPGArneahains. But for the latter 3 wider
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4.2 Datapath Construction

Row_Adder modules Structural Verilog was used tplement the custom CSA trees. This

variance in design ensured that the shortest @rpiath was achieved at each Row_Adder stage.

4.2  Datapath Construction

The four Row_Adder modules are grouped together antFour by Four Block module, as
shown in Figure 4.1. The module contains a 4xdyaof PEs. It is capable of outputting a sin-
gle 4x4 SAD value for the 16 pixels of current dhd 16 pixels of reference values that it com-

pares.

Within the Four_by Four_Block, in addition to thé PEs and four adder-tree structures,
there are also 16 8-bit multiplexers attached thd2E unit. These multiplexers enable each PE
to read from either one of two bus lines that feed the Four_by Four_Block. This increase in

hardware allows for the pipeline to remain operalavithout any pipeline bubbles.

The Four_by Four_Block modules are instantiatedirh®s to create the 16x16 systolic ar-
ray architecture shown in Figure 3.3. The 4x4 PSAdlues produced by a preceding row of
Four_by Four_Block modules are required for thewation of larger SAD values at the latter
stages of the pipeline, thus the architecture @gaires delay lines. These delay lines serve the
purpose of holding and delivering the smaller PSadlues, of the subBlocks within VBSME, at

the exact time at which they are required.
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4.2 Datapath Construction

For example, let us consider the derivation of RISAD for an 8x8 subBlock. As shown in
Figure 4.2, the 8x8 PSAD can be obtained throughattcumulation of the PSADs within its

four separate 4x4 subBlocks.

116x16 2 16x8 2 8x16 4 8x8

8 8x4 8 4x8 16 4x4

Figure 4.2 The 1 macroBlock and 40 subBlocks in VBSME

There are two 4x4 subBlocks within the upper lodlthe 8x8 subBlock and two 4x4 sub-
Blocks within the lower half of the 8x8 subBlocKhe two upper half 4x4 blocks would output
their PSADs after the first four cycles of systeperation. However, only after another 4 more
cycles (thus 8 cycles total) would the lower 2 4x#bBlocks produced their PSADs. Thus it is
necessary for the upper 2 PSADs to be stored wahiastage delay line, so that they become
available for use four clock cycles later. Usihg exact analogy, an 8-stage delay line is re-

quired to compute a 16x16 SAD by accumulating thygen and lower halves of 8x8 subBlocks.

Note that the accumulation of PSADs from the semadlubBlocks to form the larger sub-

Blocks is performed through a purely combinatiologic adder tree structure. Although these

adder trees are wider than the internal Row_Adasstfound within the Four_by Four_Block
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4.3 10 Requirements per PPU

module they lack the absolute difference circu@ansequently these adders are not on the criti-

cal path and are implemented using the conventieR&A adder carry-chains.

4.3 10 Requirements per PPU

The reference pixels broadcasted into the PPUsigraficant input bandwidth issue. A single
broadcast consists of inputting 16 pixels to th&BRr clock cycle. With each pixel represent-
ing an 8-bit luminance value this amounts to 128 bf input per cycle. To avoid any pipeline

bubbles dual broadcast lines are required.

The PPU processes reference pixels within a sesirdiow memory one 16-pixel-wide col-
umn at a time. A single column of 16 pixels isditcasted into the 16-stage pipeline of the PPU
one row at a time at each clock cycle, until theédso of the column has been reached. Initially,
when the PPU first becomes operational there wdldes of latency before the first 4x4 sub-
Block’s, 8 cycles of latency before the first 8x#Block’s, and 16 cycles of latency before the
first full 16x16 macroBlock’s SAD value is outputte However, after these initial latencies, a
complete set of 41 SAD values are outputted at edmtk cycle. As the PPU works its way
down the 16-pixel wide column, a single 16-pixeddmtcast bus is sufficient to keep the pipeline
filled. However, as the PPU begins to receive ticaats of the last 15 rows of the first column
the primary stages of this pipeline will begin tiei if they are not simultaneously fed with the

next column’s worth of 16-pixels. This is showrFigure 4.3.
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4.3 10 Requirements per PPU

16 Pixels
1 Pixel .
A Search Window Boundary

» A single bus

The first 33 rows The first 33 rows . line can not
of Column 1< of Column 2 . load the end
Fed by Bus 1 Fed by Bus 1 = of 1% column

. data simulta-

. neously with
Last 15 rows the beginning
of Column 1< = of 2" column
Fed by Bus 2 . data

1% Column of referenceBlocks

2"4 Column of referenceBlock

Figure 4.3 Processing Two referenceBlock Columns Back-tokBac

This necessitates filling the initial pipeline g¢a of the PPU, with the"®column’s data,
from a 29 broadcast bus line. Th&%broadcast bus line continues to deliver the |&stoivs of
the ' 16-pixel column of reference pixels, thus freethg ' broadcast bus line to begin to
broadcast the next set of 16-pixels from the nekiran over. Therefore during a column’s last
15 row’s worth of SAD calculations both bus linge aimultaneously utilized. This requires a
maximum bandwidth of 32 pixels per clock cycle.v&i that each pixel is a byte representation
of a luminance value, 32 bytes per cycles of ingrdwidth is required. This translates to 256
(i.e. 256 bits) input pins required per PPU, iniadd to the control signals that are required to

keep the PPU functioning.

The output bandwidth for a PPU is simply dictatgdhe bit-widths that are required to rep-
resent each of the subBlock PSAD values and tha fimacroBlock SAD value without any
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4.3 10 Requirements per PPU

overflow. For example the PSAD value for a 4x4Blobk only requires a 13-bit quantization
to represent the maximum current to reference sadiBtlistortion, whereas a full 16x16 mac-
roBlock SAD value needs a 17-bit quantization foresent its maximum distortion levels. The
accumulation of the bit-quantization number ovérdal SAD values gives the 573 bits that are
required to represent all 41 SAD values. There&f®@ output pins in total are required to de-

liver the 41 SAD values in parallel at each clogkle.

Note that all 41 SAD values are required by theodec since the decision to switch to
smaller block size encoding is made by the encddelf, when it continually detects across a
couple of frames that the smaller subBlocks arelycimg much better matching PSAD values
than the larger macroBlock SAD values to which thejong. This type of decision making is
not a memory-less type process since it requiresatfalysis of several sets of 41 SADs across
consecutive frames. Consequently, the encodeiresgall 41 SADs to dynamically interpret
the form of motion that is being produced by théea. The total 829 pin (256 input + 573 out-
put) 10 requirement for a single PPU poses sevenstcaints in terms of scalability when incor-

porating multiple PPUs into a motion estimationt wasign.

Chapter 3 covered the design methods by whictethiggh 10 bandwidth requirements were
mitigated, to make scalability feasible. The fallog sections will now examine the physical
organization of the search window memory. In jgatér, how this physical organization facili-
tates the scalability of the motion estimation umili be explained. The benefits of double-

buffering search window data will also be examined.
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4.4 Logical to Physical Mapping

4.4  Logical to Physical Mapping

Figure 4.4.1 shows the logical partitions of tharsbh window memory for a 4 PPU design of the
scalable motion estimation unit. As shown, thedeaindow memory is partitioned into two

logical partitions with memory partition A contang the top 33 rows of the search window and
memory partition B containing the bottom 15 rowsach partition is then divided into 16 sub-

partitions with each sub-partition containing 4uwuohs of pixels.

|

. Memory
15
33Pixelsj112|3(4|5|6|7|8]9|10 11] 12/ 13| 14 16 >PartitionA

64 Pixels

A

A 4

3
15Pixels‘1 2(3|14|5|6|7|8]9[10 1112 13|14|15|16 Partition B

% Memory

Figure 4.4.1 Logical Memory Partitioning of Search Window Hiows (4 PPUS)

The number of columns that each sub-partition aiastis determined by the number of

PPUs in the motion estimation unit. In particufar,an n PPU design, there should[l6/n]|
sub-patrtitions per logic partitionf64/ n—\ - 1 of the sub-partitions should contaimixels and

the remaining columns should be stored in thedalstpartition.

Figure 4.4.2 shows the memory output distributiddrpixels, for the same 4-PPU system,

during the initial stage of operation for the matestimation unit. As shown, in this stage pixel-
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4.4 Logical to Physical Mapping

columns 1 to 19 are accessed. These pixel-colwmmespond to sub-partitions 1 to 5 in Figure
4.4.1. Note that the J(pixel-column (located within sub-partition 5) istrused by the 4 PPUs,

and thus is discarded from the output for bothdggrtitions A and B. Once the pixel-columns
1-19 are fully processed by the PPUs, the outpuhfthe logic partitions are advanced by 4

pixel-columns (one sub-partition).

Pixel-Coliimns (PCs) 1 — 19 from Memaorv Partition A

Pixel-Columns (PCs) 1 — 19 from Memory Partition B

PCs1-16 PCs2-17 PCs3-18 PCs 4 -19

PPU PPU PPU PPU

#1 #2 #3 #4
41 SADS@ 41 SADS@ 41 SADS@ 41 SADS@

Combarator Combarator

41sADs | | 415ADs | |

Comnbparator
41 SADs

Figure 4.4.2 Memory Output Distribution for a 4-PPU System

Consequently, pixel-columns 5 (from sub-partit®)rio 23 (from sub-partition 6) is accessed
in the second stage with pixel-columns 5-20 distedd to PPU #1, 6-21 distributed to PPU #2,
7-22 distributed to PPU #3, and 8-23 distribute®RJ #4. Similarly, the logic partition output

is advanced by 4 pixel-columns in each of the syibsiet stages of computation.
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4.4 Logical to Physical Mapping

In Figure 4.4.3, five physical memory blocks asedito store all of the 16 sub-partitions for
both the A and B logic partitions. The sub-pastis are stacked into the physical memory

blocks in a left-to-right and then bottom-to-topnmar.

5 Memory Blocks for Partition A

6
1§2 415 N 74
S X
4 pixels (5 x) = 20 pixels total output
\. 5x /

4 pixels (5 x) = 20 pixels total output

16

5 Memory Blocks for Partition B

11 13414415

Figure 4.4.3 Physical Memory Organization (4 PPUS)

The 5 physical memory blocks are multiplexed bindividual multiplexers. Each multi-
plexer outputs 1 of the 5 available physical memaogcks, to generate the 19 pixels shown in

Figure 4.4.2 at each stage of computation. Naeiththis configuration, each physical memory
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4.5 On-Chip Double Buffering

block, must have its own independent address boethat the depth of memory addressing can

be varied to access the sub-partitions stored mvehch block independently.

In general, fon PPUs, this memory mapping algorithm requires [M—l physical p)
n

memory blocks for each of the A and B logic pastis. The width of each physical memory
block must be equal to the width of each logic paltition, which is also equal t@ Conse-

guently as the number of PPUs increases, the @iysiemory blocks become fewer and wider.
In particular, a 16-PPU system would require onljm@mory blocks with each block being 16
pixels wide. In general, systems with a greatenioer of PPUs will access an increasing num-
ber of pixel-columns per cycle, and advance byrgelanumber of pixel-columns after each

stage of computation.

4.5  On-Chip Double Buffering

When targeting an FPGA with a moderate number ef-asailable 10 pins, the use of off-chip
memory may still become an 10 bottleneck. Consiblercase of a system scaled to 16 PPUs us-
ing external off-chip memory. Such a system resgputhat 31 pixels be inputted on each of its
dual bus lines (16 pixels for the initial PPU, &olled by 1 extra pixel for each of the 15 addi-
tional PPUs). With each pixel being encoded agta bf data, this drives the total input data
bandwidth across the dual buses to 62 Bytes. Tih@ubwill consist of 41 SAD values (inde-
pendent of the number of PPUs used) and would coast2 bytes of 10. When control signals
are considered, the total 10 requirement for a P& Hnotion estimation unit using off-chip

memory becomes at least 135 bytes or 1080 10 piss/b

50



4.5 On-Chip Double Buffering

On devices where such a number of 10 pins is nai@de, the on-chip RAM blocks avail-
able on most modern FPGASs can be utilized to bu¥fersearch windows. Having search win-
dow data buffered on-chip eliminates the need falevbandwidth data access to external off-
chip memory. In general, the required input bamithvio an on-chip double buffered memory
structure will decrease as the number of PPUsdisced — a motion estimation unit with a large
number of PPUs will process more data at a faater rThus the memory structure supporting it
should be continuously updated, with a higher inpartdwidth. A motion estimation unit with
fewer number of PPUs will be slower. Thus it meynsiructure can also afford to be slower

with a lower input bandwidth.

Using double buffering, while thé'search window is being processed, tifebiffer can be
used to load in the next search window data abwesirate. This is possible since PPUs must
scan each search window multiple times — whereassgarch windows need to be written in
only once. The time that a search window is preegdy the PPUs poses a limit on the time
that can be used to load th¥ &earch window. This limit corresponds to a loweund on the

input-bandwidth of an on-chip double buffered syste

The lower bound is governed by the rate at wmdPPUs can process a 64x48 pixel search
window. Recall that the 48 rows of the search wimdire separated into two logical partitions
as shown in Figure 4.4.1. This separation fatdgdhe simultaneous access of partition B with
partition A. Each column of the search window baraccessed in 33 cycles, which corresponds

to the number of rows that partition A contains.
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4.5 On-Chip Double Buffering

The number of cycles that a motion estimation wiih n PPUs requires to process a 64x48

64-15
n

search window is defined agcles = 33 x[ J This equation shows that as n increases,

the number of cycles that are required to processaach window decreases and the time that

can be used to load the next search window de@esseell.

For the 16-PPU system, the processing time peclsesindow is 99 cycles. Thus 3072

(64x48) bytes of new search window data must beddanto the ' buffer in the same amount

of time. This requires an input bandwidth of 32@({%971). Recall that this 16-PPU system

configured for off-chip external memory access meggua total input bandwidth of 62 bytes
without double buffering. Thus 30 bytes (240 1@ fins) can be saved through the use of on-

chip double buffering. Figure 4.5 shows the oveyalchip double buffered structure for the 16-

PPU system.
|32 bytes
32 bytes¢ ¢32 bytes
31 pixels each Buffer 1 Buffer 2 31 pixels each

from Partition_A
—~J

| from Partition B
S
N/ N/

31 pixels_|A B | 31 pixels

Figure 4.5 Double Buffered On-Chip Memory Structure (16 PPUs
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4.5 On-Chip Double Buffering

The 16 x 16 pixel macroBlock stored locally withive PPUs themselves can also be double-
buffered. In the case of macroBlock data, howegach buffer would only have to be updated
after every four search windows have been proce@sth window being from a unique refer-

ence frame, to make up the Multiple Reference Fsarnenponent of H.264).
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Chapter 5

Performance and Hardware Costs

In this chapter, we first present the reductionniput bandwidth that can be achieved through
on-chip double buffering. The performance and waré resource costs of implementing the
motion estimation unit are then presented as aifumof the number of PPUs. Finally, the test-

ing and verification methods used in this work aresented.

5.1 Design Results

Table 8.1.1 summarizes the input bandwidth requioedmplementing motion estimation sys-
tems containing 1, 2, 4, 8, and 16 PPUs. Colurohthe table indicates the number of PPUs be-
ing used. Columns 2 and 3 give the required im@autdwidth if external off-chip memory is
used. Columns 4 and 5 present the lower boundseimput bandwidth that can be achieved
through on-chip double buffering. Finally columnsBows the lower bounds on input pins

needed to update the macroBlock buffers.

54



5.1 Design Results

Table 5.1.1: Lower Bound on Input Bandwidth

Search Window
Without On-Chip | With On-Chip |macroBlock
# of Memory Memory
PPUs Input Input :
Bytes Pi?]s Bytes PiFr)13 |npltJ)'FtPInS
(bits) (bits) | (P1tS)
1 32 256 1.94 15.6 0.33
2 34 272 3.88 31.1 0.65
4 38 304 7.76 62.1 1.30
8 46 368 15.6 | 124.2 2.59
16 62 496 31.1 | 248.3 5.18

From the table it can be observed that from rough(¥6 input pins) to 31 Bytes (248 input pins)

can be saved by implementing a double buffer op-chi

To evaluate the performance and area efficiencthefscalable VBSME architecture, five
variations of the design shown in Figure 5.1 wemplemented on a Xilinx Virtex 5
XC5VLX330 FPGA. Each design contains 1, 2, 4,181® PPUs. As the design scales, the tar-

get resolution scales as well from VGA (640x480Htgh-Definition (HD) Video (1920x1088).
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5.1 Design Results
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Figure 5.1 Input Distribution Unit, PPUs and Local Comparato

These designs were implemented in Verilog andr@gized using the Xilinx Synthesis Tool

(XST) in the Xilinx Integrated Software EnvironmgiffE). The synthesis constraints are set to

maximize speed. All designs met the 10 constranfithhe XC5VLX330 with 70%, 71%, 74%,

79%, and 90% IO utilization, respectively. Thefpenance and area of each implementation is

summarized in Table 5.1.2.
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5.1 Design Results

Table 5.1.2: Area and Performance Results

Area* Performance
# of
PPUs LTS PFFs Target Resolution (I:/Ir:cl) fps
#K | % | #K) | %

1 8.71 | 420 | 3.42 | 1.65 640x480 (VGA) 200.6 | 28
2 185 | 8.92 | 549 | 2.65 800x608 (SVGA) 199.0 34
4 37.8 | 18.2 | 9.64 | 4.65 1024x768 (XVGA) 198.3 | 42
8 76.4 | 36.8 | 18.0 | 8.68 1920x1088 (HD Video) | 198.3 | 31
16 154 | 74.3 | 34.6 | 16.7 1920x1088 (HD Video) | 198.3 62

* Xilinx's Vertex 5 devices use 4 DFFs & 4 6-input/Ts per Slice

Column 1 of the table lists the number of PPUshm design. Columns 2 and 3 lists the
number of LUTSs required for the design and the nemdf LUTs required as a percentage of the
total number of LUTs in the FPGA, respectively. eldame values are summarized in column 4
and 5 for DFFs. Finally column 6 lists the targegolution of each design. The maximum oper-
ating frequencies of the circuits are shown in goiu7 and their corresponding frame-per-

second performances are shown in column 8.

The 16-PPU system was also implemented with op-dbuble buffering. The implementa-
tion consumes 32 36Kbit block rams, 155K LUTs aB2K DFFs. The system performance is
lowered to 191.6 MHz due to an increase in routlietpy resulting when on-chip memory is

added. This corresponds to a frame-per-secondmpegthce of 60 fps.
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The decrease in clock frequencies from 200.6,013hd to the stable 198.3 MHz as the de-
sign scales from 1, 2, and 4 PPUs respectivelyéstd the initial increases in routing based net
delays, and not any increases in logic gate delblygsvever, the fact that the circuit performance
remains consistently near 200 MHz as the desigieséeom 1 to 16 PPUs offers much promise
for FPGA-based H.264 motion estimation especialyuture resolutions are scaled beyond HD
Video. Table 2 shows that real time motion estiomaperformances can be achieved with 1, 2,
4, and 8 PPUs for the resolutions of VGA, SVGA, XX@&nd HD Video, respectively. It also
shows that with 16 PPUs and beyond one can achéaldime motion estimation performance

for resolutions that are beyond HD Video.

5.2  Verification Methods

Clock cycle accurate C models were used to vehéy dorrectness of all Verilog design files.

Each Verilog module/file had its own correspond@®gnodel, represented as a C function. A
main system program written in C was then useadtegrate the entire C sub-functions accord-
ing to the hierarchy in which the Verilog modulesresinstantiated to build the above motion es-
timation unit cases. Through this procedure, @fiddg modules and complete motion estima-
tion units could be crosschecked with C progranultes The correctness of the C based ME
calculations themselves were trusted to be truetdube use of high-level functions that are
built into the C libraries, such as C’s abs (abwotifference) function. A few cases of C based
output was also manually verified to ensure conmexss. All of the C models used for verifica-

tion, along with the Verilog modules, are availatdereference in Appendix A of this work.
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5.2 Verification Methods

Initial testing and verification of the Registeransfer Level (RTL) Verilog code was per-
formed through wave signal analysis using the M8uhelRTL systems simulation CAD tool.
For independent module based testing, custom \(etédst-benches were written to test all pos-
sible input combinations to the RTL circuits. Tadsst-benches were then run on the ModelSim
Simulator, and their output was visually verifielor the more complicated testing of the overall
motion estimation unit, ModelSim was again useatdavert the binary output vectors of the
RTL ME system into decimal number ASCII files. BReASCII files were then passed to the C
based ME program to be crosschecked. Similariyutiriest case vectors generated by the C
program were also parsed into the ModelSim RTL &ou, to verify that the RTL ME unit
does indeed produce the expected output SAD veet@sd thus matching the C vectors as

well.

The on-chip double buffer memory units were indejaatly verified in ModelSim. The
dual buses that interface the memory system taribigon estimation unit's datapath were se-
lected as the data verification point for functibnarrectness of the memory. The C models
were used to generate both random and known irgdues to these buses. A Verilog memory
test-bench was then created to load the doublesisuffith these values. The double buffers
were then run along with their matching 16-PPUeysbn ModelSim and their bus output was
both manually verified and crosschecked with C Oadata. In this manner output from the
memory system was verified to be providing the etripixel vectors at the correct expected

time points.
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5.2 Verification Methods

A screenshot example of the ModelSim based wanre &malysis of the dual-buffer memory
system for accuracy is shown in Figure 5.2. lvehthe signal transition of all the input control
signals and the input test-data vectors to the-dutiered memory system. Through ModelSim,
for this particular example as well as for all atineodules, the output response (signal transi-
tions) of the unit according to the input test westgiven was analysed to test and ensure the cor-

rect functionality for each of our design units.
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Figure 5.2 ModelSim based Wave Form Analysis
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5.3 RTL Synthesis Schematics

5.3 RTL Synthesis Schematics

This section presents a selection of a few Xili®E19.2i CAD based screen shots of various
PPU design synthesis stages, to illustrate the eranrwhich the RTL design was implemented

onto the XC5VLX330 FPGA device by the CAD tool.

E Xilinx - ISE - C:MXilinx92i\Data_Path\Data_Path.ise - [main_data_path.ngr]
m File Edit View Project Source Process Window Help
DAHS LIiLREX o6 D AAXMA B ARE DO SN b & ViVIERE BEAAT

AP ann BEn AADBERED ARG

@ main_data_path.ngr

[-3584,3100]

Figure 5.3.1 RTL Schematic view of PPU main Data-Path
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5.3 RTL Synthesis Schematics

Figure 5.3.1 gives a visual indication of the coexptlata-path routing required for even the sin-
gle instantiation of a PPU. It shows primarily htdve two 16-Byte dual-bus lines are wired to
the Four_by Four_Block modules that make up thel&6ipelined array of the PPU. From the
routing complexity observed for the single PPUha figure, we can infer that the routing for a

system scaled to 16-PPUs is a non-trivial requirgme
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5.3 RTL Synthesis Schematics

E Xilinx - ISE - C:\Xilinx92i\Data.Path\Data_Path.ise - [main_data_path.ngr]
[ File Edit View Project Source Process Window Help

DPEHG LIABERX e LiIPLKKA R At E MO K2 M B [endndie VEEHE @HALA

B main_data_path.ngr

[5016.26241

Figure 5.3.2 RTL Schematic view of a Four_by Four_Block module

Figure 5.3.2 shows the post-synthesis internalclagganization for the Four_by Four_Block
module. Each of the 4 individual Row_Adder modudes depicted by the green rectangular
boxes, the first three PSAD registers 0 to 2 cao &k recognized as the three smaller square
green boxes. All though the final' #SAD register #3 was coded in RTL Verilog in thaet
manner in which the first three PSAD registers hadn coded, it is interesting to note that syn-
thesis has deviated from the RTL code and has gplids¢®wn Adder BLE (Basic Logic Element)

between the last Row_Adder module and the final BP$&gister. This is one of the many ob-
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5.3 RTL Synthesis Schematics

servations through out the schematic analysisldhalother RTL modules, in which independ-

ent optimizations via synthesis can be seen.

E Xilinx - ISE - C:\Xilinx92i\Data.Path\Data_Path.ise - [main_data_path.ngr]

D File Edit View Project Source Process Window  Help

NP EHS L dERBX D@ N PP KR R A:RE DD AR M R endode ViV EE R E SUALA
A WD A AT Oy & 2% 6

B main_data_path.ngr

[1768.8241

Figure 5.3.3 Carry-Save Full-Adder Circuit

Figure 5.3.3 shows the internal circuitry for th8AC(Carry-Save) full-adder. The CSA modules
were the only modules that were coded in structyailog as opposed to Functional or RTL

Verilog. This was done to ensure that the appboaspecific advantages to using CSA adders in
this part of the design, as was discussed in sedtib, would not be over-rode by the independ-

ent synthesis optimizations to use the availabléARarry-chain fast adders (which in this case
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5.3 RTL Synthesis Schematics

would not actually be faster than the CSA addem)us in Figure 5.3.3, it can be visually veri-
fied, that the structural coding has been follovagdhe XST (Xilinx Synthesis Tool) to imple-
ment the gate-level circuit that was desired, gsoepd to XST following through with its own

optimized RTL version.

Detailed synthesis reports for all 6 designs uskikinvthis work:
1. Design with 1 PPU
2. Design with 2 PPUs
3. Design with 4 PPUs
4. Design with 8 PPUs
5. Design with 16 PPUs
6. 16-PPU System Design with On-Chip Double-Buffer
are available within the Appendix, and cover thetlsgsis results for each and every individual

Verilog module within those designs as well.
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Chapter 6

Conclusions and Future Work

This chapter first presents a concluding summaryhenresearch and development goals that
were accomplished within this work. We then coreptie results of this work to several exist-
ing state of the art designs. Finally, a discussibfuture work concludes this chapter and this

thesis.

6.1 Concluding Summary

Based on a survey of the present FPGA-based H.BBME architectures ([15]-[16], [22]), the

proposed architecture is the first to reach HD{leeal time performances. We found that the
architecture is able to perform real time (31 fps264 Motion Estimation on 1920x1088 pro-
gressive HD video and is capable of being scaledutare higher resolutions. The performance
is measured with four reference frames and a sesirdow size of 63 x 48 pixels. When scaled
for HD-level performance, the architecture utiliZzé6K LUTs and 18 K DFFs (with 8 process-
ing units), and has a maximum clock frequency d MHz when implemented on a Xilinx

XC5VLX330 (Virtex-5) FPGA. Furthermore, the scdldlp of the architecture makes it suitable
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6.2 Comparative Study

for FPGA-based applications where the upgradalaiitgt flexibility of the video encoder are es-

sential requirements.

6.2 Comparative Study

For comparative purposes, the Intellectual Prop@Ry core for H.264 Motion Estimation de-
veloped by Xilinx [22] is examined in further ddtaiTo the best of the author’'s knowledge this
is the only FPGA implementation that claims to supgiD resolution (1920x1088) H.264 ME
in real-time at 30 fps. Altera Inc. (partnerediwiteme Inc.) also offers H.264 solutions but
since they only develop whole encoders, as opptsésblated Motion Estimation units, their

product is not compared within this work.

Upon initial review, the only drawback to Xilinx®IE IP core relative to our ME unit ap-
pears to be that it can not be scaled for loweslog®ns. The Xilinx IP offers only 1080 inter-
laced resolution at 60 fps or 1080 progressivelugiso at 30 fps. With the exception of this
drawback, it first appears to be a superior desigoe it runs at a faster clock frequency of 275
MHz compared to our 200 MHz, and it can also belemgnted on less expensive FPGA de-

vices such as the ones within the Virtex 4 and t8pdamilies.

However, upon closer examination it is shown Xilihx has made algorithmic-level simpli-
fications to reduce the computational complexityndaded from their hardware. The first of
which is the use of a non-exhaustive search whempaaong candidate referenceBlocks to mac-

roBlocks. In software, predictive methods are mféenployed to implement fast-searches (i.e.
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6.3 Future Work

non-exhaustive) in order to reduce the complexitydbn and make real-time ME feasible on
non dedicated general processors. Xilinx in tiicore, implements such a fast-search algo-
rithm to only make a 120 comparisons per macroBlotRO-comparisons relative to the 1536-
comparisons required in an exhaustive search i®at geduction in computational complexity

and can result in a significant loss in compressjoality [18].

Furthermore, although the H.264 standard recomménditiple Reference Frames to be
used during ME, it does not enforce it when grantih264 labelling rights. Thus Xilinx has
chosen to use 1 reference frame only in their MEge This brings the complexity of their
macroBlock-to-referenceBlock comparisons down t0 (x120), rather than the 6336 (4x1584)
comparisons that are performed within our desidie fact that reproduced video quality is
much improved when encoded using multiple referefraenes combined with exhaustive
searches within each frame is well documentedténaiure [18]. The VBSME aspect of H.264
is also slightly degraded in the Xilinx implemeiat since it only supports subBlocks down to
8x4 pixels rather than down to the smallest 4x4Bsntks supported by the standard. This re-

duction also contributes to achieving more cosirggvin hardware.

6.3 Future Work

The plus side to the Xilinx ME IP core is its impseze minimal area usage. Their design only
consumes 3K LUTs compared to the 76K LUTs usedior8-PPU design. Xilinx is able to
achieve such a small LUT count by taking advantgdeir on-chip hard DSP blocks. In fact

they clearly state that their IP core uses 3K LuiTeonjunction with 26 of their DSP48 Blocks.
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6.3 Future Work

The use of available DSP blocks to reduce the LOUnt in our designs could be a very
practical form of future investigation. WhetheetBSP blocks can be efficiently integrated to
support the 16x16 systolic-array structure thatRhepagate Partial SAD architecture demands is
a very complex yet interesting question that shdaddaddressed in the future. Furthermore,
deep-pipelining within PPU stages could also leatigher or equivalent performance with less
area usage. Such reduced area solutions would RR&A platforms for H.264 Motion Estima-
tion even more attractive. It would also give tisehe possibility of having whole encoder solu-
tions implemented on FPGASs, without actually haviagcompromise on genuine H.264 capa-

bilities.
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APPENDIX

This Appendix provides all of the Verilog and C egdvithin their respective files, which were
used to compile and synthesise all of the desightast cases that were used within this work.
Comments embedded within the code should serveakerthe code self-explanatory. Where
applicable, CAD based screen-snapshots have begited to illustrate the design hierarchy of
both the Verilog Modules and the C Functions. Dgrthe digital design process of Verilog
RTL code development the following resources wesedufor guidance and assistance — [23],

[24] to [27].

7.1  Verilog Code Files

The following screenshots of the Xilinx ISE Verilegurce code tree shows the file/module hi-

erarchy for the main_data_path file which instaesaa single PPU.
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7.1 Verilog Code Files

Sources for: | Syntheszizdlmplementation

= Ba4x4 00 B - four_by four_block [four_bye Four_block. «]
= FPsSal_0 - Row _dadder_ 0 [Rowe _dSdder 0. w]
.-'l‘-.D1 - PE_AD [PE_AD . w)]
.-'l‘-.D2 - PE_AD [FPE_AD . w]
.-'l‘-.D3 - PE_AD [PE_AD . w)]
.-'l‘-.D4 - PE_AD [PE_AD . w)]
= FSAD_1 - Bow_Adder_1_CSA [Raow _Adder 1_CS5A ]
.-'l‘-.D1 - PE_AD_CSA [PE_AD_CSA. W]
.-'l‘-.D2 - PE_AD_CSA [PE_AD_CSA. W]
.-'l‘-.D3 -PE_AD_CSA [PE_AD_CSA. W]
.-'l‘-.D4 - PE_AD_CSA [PE_AD_CSA. W]
CS4 Stage 1 - C5A_ 8 [CSA 2w
CSs Stage 2 - C5A 8 [CS5A 2w
CS4 Stage 2 - C5A 9 [CS5A9w]
+ FSAD_ 2 - Row_Adder_2 54 [Row Sdder 2 TS5 ]
+ FSAD_ 3 - Row_Adder_2 OS54 [Row Adder 3 C548 w]
Ed=4 0O1_BE - four_by Four_block [four_by four_block. ]
Baxd4 02 B - four_by four_block [four_by Four_block. «]
Baxd4 032 B - four_by four_block [four_by Four_block. «]
Ed4=4 10_BE - four_by Four_block [four_by four_block. «]
Bax4 11_EBE - four_by four_block [four_by Four_block. «]
Baxd 12 B - four_by four_block [four_by Four_block. «]
Bd4=4 13 B - four_by Four_block [four_by four_block. ]
Bax4 20 B - four_by four_block [four_by Four_block. «]
Baxd 21 B - four_by four_block [four_by Four_block. «]
Baxd 22 B - four_by four_block [four_by Four_block. «]
Baxd 23 B - four_by four_block [four_by Four_block. «]
Bax4d 20 B - four_by four_block [four_by Four_block. «]
Baxd 231 B - four_by four_block [four_by Four_block. «]
Bd=xd4 232 B - four_by Four_block [four_by four_block. ]
Baxd 33 B - four_by four_block [four_by Four_block. «]
Bax4d4 00 _delay - Four_stage_delay_line [four_stage__delay_line. «]
EB4=x4 01 _delay - four_stage__delay_line [four_stage__delay_line. ]
Baxd 02 delay - Four_stage_delay line [four_stage__delay_line. «]
Baxd 032 delay - Four_stage_delay line [four_stage__delay_line. «]
B4=4 20 delay - four_stage delay line [four_stage__delay line. w]
Baxd 21 _delay - Four_stage_delay _line [four_stage__delay_line. «]
Baxd 22 delay - Four_stage_delay line [four_stage__delay_line. «]
Baxd 23 delay - Four_stage_delay line [four_stage__delay_line. «]
Ba=2_00_delay - eight_stage_delay_line [eight_stage__delay _line. ]
Ba=2_01_delay - eight_stage_delay_line [eight_stage__delay_line. ]

EE Sources s Snapshots E Libraries

£

+

H-§-§-5-8-8-8-8-8-8-8-8-8-8-E
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7.1 Verilog Code Files

The main_data_path file hierarchy shown again beleith the CSA_Stage_1 module fully ex-

panded.

Sources for: | SynthesisA mplementation

=] »)
E- E!-4H4_DD:E! - Fowur_by__Fowur__block [Four_by Four_block -]

= PSal_ 0 - Row _ASdder O [Rove _Ssdder 0+2)
[ aD1 - PE_AD (PE_&Dw]
[FlaDz - PE_AD (PE_AD . w]
[FaD3 - PE_AD (PE_AD . w]
[laDa - PE_AD (PE_AD . w]

= PSAD_1 - Bow_Adder_ 1_CSa [Row _Sdder_ 1 CS58 w]
[+ aD1 - PE_AD_CSaA [PE_aD_ TS ]
[W]aDz2 - PE_aD_CSe [PE_aD_CSe.w]
[W] D3 - PE_aD_CSe [PE_aD_CSe.w]
[W]aDa - PE_aD_CSe [PE_aD_CSe.w]

= CSa_Stage_1 - CSAa_ 8 [CS5a_ 2w

CSa_ 0 - CSa Full_adder (S8 Full_sSdder. ]
CSa_ 1 - CSa Full_adder (S8 Full_aSsdder. w]
CSa_ 2 - CSa Full_adder (S Full_aSsdder. w]
CSa_ 32 - CSa Full_adder (S Full_aSsdder. w]
CSa_ 4 - CSA Full_adder [ESa Full_sSdder. w]
CSa_ 5 - CSaS Full_adder (S Full_aSsdder. w]
CSa 6B - CSa Full _asdder [CS58 Full_aSdder. w]
CSa 7 - CSa Full _asdder [CS58 Full _aSdder. w]

CSa Stage = - CSa_ 8 [CSa 8w]

CSa Stage 3 - CSa_ 9 [(CS8 9]
PSab_ 2 - RBow_sSdder 2 CSa [Row Ssdder 2 TS50 )
PSAaD_3 - Fove_sadder_ 2 CSA (Fow Asdder 3 TS5 ]

E4x4 01_EB - four_bw four_block [Four_bw Four_block. ]
E4xa4 02 B - four_bw four_block [Four_bw Four_block. ]
E4x4 02 B - four_bw four_block [Four_bw Four_block. ]
E4x4 10_E - four_bw four_block [Four_bw Four_block. ]
Ed4=4 11_E - fowr_by Fowr_block [four__by_ four__block. )
B4=4_12Z_EB - four_by_Four_block [four_by_four_block. ]
Ed4=4 132 B - fowr_by Fowr_block [four__by_ Ffour__block. )
B4=4_ _Z20_E - four_by_Ffour_block [four_by_four_block._ ]
Ed4=x4 21_EBE - fowr_by Fowr_block [four__by Ffour__block. )

Baz4 22 B -
Bd=d 23 B -
EBd=d =0 B -
Bda=d 31 _B -

Fowur_by four__block [(Four_by Four_block. ]

Four_by four_block [Four_by Four_black. ]

Four_by four_block [Four_by Four_black. ]

&-8-8-#

Four_by four_block [Four_by Four_black. ]

EBd=xd4 22 B - four_by Four block [(four__bBy Four__bBlock. ]
EBd=d 33 B - four_ by four block [four by four block. ]
Ed=4 00 delay - four__stage__delay line [four_stage  delay line.w]
[+ B424 01 delay - four stace delav line (four stanoe delay line. )
EE Sources e Snapshots [IF™ Libraries
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7.1 Verilog Code Files

The Verilog file hierarchy for a 16-PPU Motion Estition Unit implemented with on-chip dou-

ble buffered memory.

Sources for: | SynthesissA mplementation
'-':'E_ﬂ O ata_ Fath
=1 ELE mcSwI=3320-2F1 750
= ﬂﬂﬂ Sv=ztem_ 16 [Sustem__16.+]
=l Data_Fatkh - CL_ 16 [CU_1E. -]
FL_1 - mairn_data _path [main_data_path. ]
FLlI_ 2 - mairn_data__path [main_data__path. ]
FL_3 - mairn_data__path [mairn_data__path. -]
FLU_ 4 - mairn_data _path [mairn__data_path. -]
P15 - mairn_data__path [mairn_data__path. «]
FI_E - mairn_data__path [mairn_data__path. ]
FLU_ ¥ - mairn_data path [main_data_path. <]
FL_ 2 - mairn_data_ _path [main_data_path. ]
FLI_193 - mairn_data__path [main_data__path. ]
FLU_10 - mairn_data__path [mairn_data__path. «]
FLU_11 - main_data path [main__data _path. ««]
FI_12 - main_data__path [main_data__path. -]
FI1_132 - main_data__path [main_data__path. -]
FL_ 14 - main_data _path [main_data__path. ]
FL_15 - main_data__path [main_data__path.«]
FLI_156 - mairn_data__path [main_data__path. ]
FA emory__ Lk - dual _buffer [dual _buffer. «]
buff 1 - arn__chip_mem (o chip menn ]
mem_1_24 - spblockram_ BB [=pblockram__EBEG.«]
men_ 2 & - spbhlockrarn_ BB [spbhlockram_EBE ]
men_1_B - spbhlockran__ 20 [spblockram_ 200w]
meaen_ = B - spbhlockran__ 20 [sphlockram_ =300w]
= buff_Z - ar_chip_mem [on_chip__rmenn. =]
menm_ 1_58 - sphlockram_ B6 [sphlockram_ BB w«]
mem__ 22 - spblockram_BEG [=pblockram_EBG.«]
mem_1_ B - spblockram__ 20 [=pblockram__ 20+
men_ 2 B - spbhlockran__ 20 [spbhlockram_ 200+]

R R o B R AR

EHE Sources =1 Snapshots T‘] Librarie=
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7.1 Verilog Code Files

Verilog Files

The general order of the Verilog files/modules giveelow is presented in the bottom to top
module manner in which they were integrated dunnglementation. There are 17 Verilog de-

sign files and 7 Verilog Test-Bench files in total.

/ *k%k * *% *

* Theepan Moorthy *
* Ryerson University *
* Copyright July 2007 *
*PE_AD.v *

***********************/

/I This Module takes two unsigned 8-bit operands
/I and produces their 8-bit unsigned Absolute Difee

module PE_AD ( // Absolute Difference Processitgntent (PE_AD)

clk, // Input clock signal

reset, /l Input reset signal
update_Cur_MB, // Input enable signal to load @&wrent MB data
C, I/l Input PEL from the Curré&mame
R, /I Input PEL from the RefecerFrame
AD /I Output Absolute Difénce

);

e Input Ports //

input clk;

input reset;

input update_Cur_MB;

input [7:0] C;

input [7:0] R;

[[-=-mmmemm - Output Ports 1l

output [7:0] AD;
/=== Internal Variables Il

reg [7:0] C_Registered;
wire [7:0] C_NOT;

wire [8:0] Nine_Bit_Sum;
wire [7:0] XOR_Output;

[[-=-mmmemm - Implementation ------------------ -/
always @(posedge clk) begin
if  (reset) C_Registered <= 8'h0 ;
else if (update_Cur_MB) C_Registered <= C;
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7.1 Verilog Code Files

end

assigh C_NOT = ~C_Registered,;

assign Nine_Bit_Sum = {1'b0,C_NOT} + {1'b0,R};

assign XOR_Output = Nine_Bit_Sum[7:0] » {8{~Nine tBSum[8]}};
assign AD = XOR_Output + { {7{1'b0}} , Nine_Bit_Sufa]};

endmodule
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7.1 Verilog Code Files

/***********************

* Theepan Moorthy *
* Ryerson University *
* Copyright July 2007 *
*PE_AD_CSA.v *
Rk

/I This Module takes two unsigned 8-bit operands
/I and produces their 8-bit unsigned Absolute Difee

module PE_AD_CSA (// Absolute Difference Procegdttement (PE_AD)

clk, /I Input clock signal

reset, /l Input reset signal
update_Cur_MB, // Input enable signal to load @&wrent MB data
C, /[ Input PEL from the Currémame
R, /I Input PEL from the Refererterame
AD // Output Absolute Diffarce

);

[[-=-mmmmmm-- Input Ports /1l

input clk;

input reset;

input update_Cur_MB,;

input [7:0] C;

input [7:0] R;

=== Output Ports 1l

output [8:0] AD;

e Internal Variables Il

reg [7:0] C_Reqgistered;
wire [7:0] C_NOT;

wire [8:0] Nine_Bit_Sum;
wire [7:0] XOR_Output;

always @(posedge clk) begin
if  (reset) C_Registered <= 8'h0 ;
else if (update_Cur_MB) C_Registered <= C;
end
assign C_NOT = ~C_Registered;

assign Nine_Bit_Sum = {1'b0,C_NOT} + {1'b0,R};
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7.1 Verilog Code Files

assign XOR_Output = Nine_Bit_Sum[7:0] ~ {8{~Nine_tBSum[8]}};
assign AD = {Nine_Bit_Sum[8], XOR_Output};

endmodule
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7.1 Verilog Code Files

/***********************

* Theepan Moorthy

* Ryerson University
* Copyright July 2007
* CSA_Full_Adder.v

* *% l\n/

* % oy %

/I This Module is a 3-bit Full Adder Circuit
/I it will be instantiated 8 times to implement
/I a full CSA block, that will add 3 8-bit vectors

module CSA_Full_Adder (

X, /l Input, 1st Operand Bit

y, I/ Input, 2nd Operand Bit

z, I/ Input, 3rd Operand Bit

/I (in a traditional Full Adder Circuit this 3rdhit
/I is regarded as the Carry In bit)

s, // Output, Sum Bit

¢ // Output, Carry Bit

/I (in a traditional Full Adder Circuit this Carhjt
/I is regarded as the Carry Out bit)

);

/S —— Input Ports 1
input X, vy, z;

/ — Output Ports I
output s, c;

/ — Implementation ------------------ ad

assigns=x"y”"z;// XOR X, y, and z
assign ¢ = (x&y) * (x&z) " (y&z);

endmodule
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7.1 Verilog Code Files

/***********************

* Theepan Moorthy *
* Ryerson University *
* Copyright July 2007 *
*CSA_8.v *
Rk

/I This Module is an 8-bit Carry Save Adder Block
module CSA 8 (

X, /l Input, 1st 8-bit Operand

y, Il Input, 2nd 8-bit Operand

z, I/ Input, 3rd 8-bit Operand

s, // Output, 8-bit Sum Vector
¢ // Output, 8-bit Carry Vector

);

/A — Input Ports 1
input [7:0] x;

input [7:0] y;

input [7:0] z;

/ ——— Output Ports 1

output [7:0] s;
output [7:0] c;

CSA_Full_Adder CSA_0 (.x(x[0]),
Y(y[0]),
.2(z[0]),
s(s[0)),
j (c[0])

CSA_Full_Adder CSA 1 (.x(x[1]),
Y(y[1)]),
.2(z[1)),
.S(s[1]),
j (c[1])

CSA_Full_Adder CSA_2 (.x(x[2]),
yyl2]),
.2(z[2]),
s(s[2]),
.c(c[2])
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7.1 Verilog Code Files

);

CSA_Full_Adder CSA_3 (.x(x[3]),

Y(YI3]),
.2(2[3]),
S(s[3]),
j (c[3D)

CSA_Full_Adder CSA_4 (.x(x[4]),

Y(y[4]),
.2(z[4)),
.S(s[4]),
j (c[4])

CSA_Full_Adder CSA_5 (.x(x[5]),

Y(yI5]),
.2(z[5]),
S(s[5]),
j (c[5])

CSA_Full_Adder CSA_6 (.x(x[6]),

Y(y[6]),
.2(z[6]),
.s(s[6]),
.c(c[6])

);
CSA_Full_Adder CSA_7 (.X(X[7]),

Y7,
.2(2[7]),
.S(s[7]),
50(6[7])

endmodule
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/***********************

* Theepan Moorthy *
* Ryerson University *
* Copyright July 2007 *
*CSA_9.v *
Rk

/I This Module is an 9-bit Carry Save Adder Block
module CSA 9 (

X, /l Input, 1st 9-bit Operand

y, Il Input, 2nd 9-bit Operand

z, I/ Input, 3rd 9-bit Operand

s, // Output, 9-bit Sum Vector
¢ // Output, 9-bit Carry Vector

);

/A — Input Ports 1
input [8:0] x;

input [8:0] v;

input [8:0] z;

/ ——— Output Ports 1

output [8:0] s;
output [8:0] c;

CSA_Full_Adder CSA_0 (.x(x[0]),
Y(y[0]),
.2(z[0]),
s(s[0)),
j (c[0])

CSA_Full_Adder CSA 1 (.x(x[1]),
Y(y[1)]),
.2(z[1)),
.S(s[1]),
j (c[1])

CSA_Full_Adder CSA_2 (.x(x[2]),
yyl2]),
.2(z[2]),
s(s[2]),
.c(c[2])
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);

CSA_Full_Adder CSA_3 (.x(x[3]),
Y(y[3)),
Z(z[3)),
S(s[3)]),
j (c[3])

CSA_Full_Adder CSA_4 (.x(x[4]),
Y(y[4)]),
.2(z[4)),
.S(s[4]),
j (c[4])

CSA_Full_Adder CSA_5 (.x(x[5]),
Y(yI5]),
.2(z[5]),
S(s[5]),
j (c[5])

CSA_Full_Adder CSA_6 (.x(x[6]),
Y(y[6)),
.2(z[6]),
s(s[6]),
j (c[6])

CSA_Full_Adder CSA 7 (.x(X[7]),
YWI7D),
.2(2[7]),
.S(s[7]),
j (c[7])

CSA_Full_Adder CSA_8 (.x(x[8]),
Y(y8)),
Z(z[8)),
S(s[8]),
j (c[8])

endmodule
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/***********************

* Theepan Moorthy *

* Ryerson University

* Copyright July 2007 *

* Row_Adder_0.v *
Rk

/I This Module takes the Absolute Differences drécessing Elements
/I and produces their SUM to be used as a parfiéll &8 Row 0 (within
/[ the complete architecture)

module Row_Adder_0 (

clk, Il Input clock signal
reset, /I Input reset signal
enable, /I Input enable signal

update_Cur_MB, // Input enable signal to load @&wrent MB data
C1, // Input PEL1 from the Current Frame
Cc2, // Input PEL2 from the Current Frame
C3, // Input PEL3 from the Current Frame
C4, I/l Input PEL4 from the Current Frame

R1, // Input PEL1 from the Reference Frame

R2, // Input PEL2 from the Reference Frame

R3, // Input PEL3 from the Reference Frame

R4, I/l Input PEL4 from the Reference Frame

PSAD 0 // Output 4 PE based Partial Sutifolute Differences
);

e Input Ports //

input clk;

input reset;

input enable;

input update_Cur_MB,;
input [7:0] C1,
input [7:0] C2;
input [7:0] C3;
input [7:0] C4;
input [7:0] R1;
input [7:0] R2;
input [7:0] R3;
input [7:0] R4,

J/— Output Ports 4

output reg [9:0] PSAD_O0;

e Internal Variables Il

wire [7:0] AD1_Out;
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wire [7:0] AD2_Out;
wire [7:0] AD3_Out;
wire [7:0] AD4_Out;
wire [8:0] Nine_Bit_Sum_1;
wire [8:0] Nine_Bit_Sum_2;

J-=-==-=mm-- Instantiations 1l

PE_AD AD1 (.clk(clk),
.reset(reset),
.update_Cur_MB(update_Cur_MB),
.C(C1),
.R(R1),

.AD(AD1_Out)

)i

PE_AD AD?2 (.clk(clk),
.reset(reset),
.update_Cur_MB(update_Cur_MB),
.C(C2),
.R(R2),

.AD(AD2_Out)

);

PE_AD AD3 (.clk(clk),
.reset(reset),
.update_Cur_MB(update_Cur_MB),
.C(C3),
.R(R3),

AD(AD3_Out)

);

PE_AD AD4 (.clk(clk),
.reset(reset),
.update_Cur_MB(update_Cur_MB),
.C(C4),
.R(R4),

.AD(AD4_Out)

)i

assign Nine_Bit_Sum_1 = {1'b0,AD1_Out} + {1'b0,ADQut};
assign Nine_Bit_Sum_2 = {1'b0,AD3_Out} + {1'b0,AD@ut};
always @(posedge clk) begin
if (reset) PSAD_0<=10h0;
else if (enable) PSAD_0 <= {1'b0,Nine_Bit_Sum_1}¥b0,Nine_Bit_Sum_2};
end

endmodule
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/***********************

* Theepan Moorthy

* Ryerson University

* Copyright July 2007

* Row_Adder_1 CSA.v

* *% l\n/

* X % x

/I This Module takes the Absolute Differences drécessing Elements
/I and produces their SUM to be used as a parfill B8 Row 1 (within
/[ the complete architecture)

module Row_Adder_1_ CSA (

clk, /I Input clock signal
reset, /I Input reset signal
enable, /I Input enable signal

update_Cur_MB, // Input enable signal to load nawrént MB data
C1, // Input PEL1 from the Current Frame

Cc2, // Input PEL2 from the Current Frame

C3, I/l Input PEL3 from the Current Frame

C4, I/l Input PEL4 from the Current Frame

R1, // Input PEL1 from the Reference Frame

R2, I/l Input PEL2 from the Reference Frame

R3, // Input PEL3 from the Reference Frame

R4, // Input PEL4 from the Reference Frame

PSAD_0, I/l Input Partial SAD from Row 0

PSAD 1 // Output Partial SAD Row 1
);

/[ —— Input Ports I

input clk;

input reset;

input enable;

input update_Cur_MB,;
input [7:0] C1;

input [7:0] C2;

input [7:0] C3;

input [7:0] C4;

input [7:0] R1;

input [7:0] R2;

input [7:0] R3;

input [7:0] R4,

input [9:0] PSAD_0;

/ — Output Ports I

output reg [10:0] PSAD_1;
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/—— Internal Variables

wire [8:0] AD1_Out;

wire [8:0] AD2_Out;

wire [8:0] AD3_Out;

wire [8:0] AD4_Out;

wire [7:0] CSA_Stage 1 S

wire [7:0] CSA_Stage 1 C;

wire [7:0] CSA_Stage 2 S

wire [7:0] CSA_Stage 2 _C;
S
C

wire [8:0] CSA_Stage 3_S;
wire [8:0] CSA_Stage 3 C;

/A — Instantiations I

PE_AD_CSA ADL1 (.clk(clk),
.reset(reset),
.update_Cur_MB(update_Cur_MB),
.C(C1),
.R(R1),

.AD(AD1_Out)

)i

PE_AD_CSA AD2 (.clk(clk),
.reset(reset),
.update_Cur_MB(update_Cur_MB),
.C(C2),
.R(R2),

.AD(AD2_Out)

)i

PE_AD_CSA AD3 (.clk(clk),
.reset(reset),
.update_Cur_MB(update_Cur_MB),
.C(C3),
.R(R3),
.AD(AD3_Out)

PE_AD_CSA AD4 (.clk(clk),
.reset(reset),
.update_Cur_MB(update_Cur_MB),
.C(C4),
.R(R4),

.AD(AD4_Out)

)i

CSA_8 CSA _Stage 1 (.x(AD4_Out[7:0]),
Y(AD3_Out[7:0]),
.z(AD2_0ut[7:0]),
.S(CSA _ Stage 1 S),

.C(CSA Stage 1 C)

)i
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CSA _8 CSA Stage 2 (X(CSA_Stage 1_8S),
Y(AD1_Out[7:0]),
.z(PSAD_0[7:0)]),

.S(CSA _Stage 2 S),

.C(CSA _ Stage 2 Q)

)i

CSA 9 CSA Stage 3 (.xX({CSA_Stage 1 C,AD4_Out[8]}),
Y{CSA_Stage 2 C,AD3_Out[8]}),
.z({PSAD_0[8],CSA_Stage_2_S}),
.S(CSA_Stage_3_9S),

.c(CSA_Stage 3 _C)

)i

always @(posedge clk) begin

if (reset) PSAD_1<=11h0;

else if (enable) PSAD_1 <= ({1'b0,{CSA_Stage_3AI02 Out[8]}} + {1'b0{PSAD_0[9],CSA_ Stage 3_S}}
)

end

+ AD1_Out[8];

endmodule
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/*************************

* Theepan Moorthy *
* Ryerson University *
* Copyright August 2007 *
* Row_Adder_2 CSA.v *

*% *kkk a/

/I This Module takes the Absolute Differences drécessing Elements
/I and produces their SUM to be used as a parfiil 8 Row 2 (within
/[ the complete architecture)

module Row_Adder_2_ CSA (

clk, /I Input clock signal

reset, /I Input reset signal

enable, /I Input enable signal
update_Cur_MB, // Input enable signal to load nawrént MB data
C1, // Input PEL1 from the Current Frame
Cc2, // Input PEL2 from the Current Frame
C3, I/l Input PEL3 from the Current Frame
C4, I/l Input PEL4 from the Current Frame
R1, // Input PEL1 from the Reference Frame
R2, I/l Input PEL2 from the Reference Frame
R3, // Input PEL3 from the Reference Frame
R4, // Input PEL4 from the Reference Frame
PSAD 1, I/l Input Partial SAD from Row 0
PSAD 2 // Output Partial SAD Row 1

)i

[[-=-mmmemme-- Input Ports /l

input clk;

input reset;

input enable;

input update_Cur_MB,;
input [7:0] C1,;

input [7:0] C2;

input [7:0] C3;

input [7:0] C4;

input [7:0] RZ1;

input [7:0] R2;

input [7:0] R3;

input [7:0] R4;

input [10:0] PSAD_1;

/ — Output Ports I

output reg [11:0] PSAD_2;
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/—— Internal Variables

wire [8:0] AD1_Out;

wire [8:0] AD2_Out;

wire [8:0] AD3_Out;

wire [8:0] AD4_Out;

wire [7:0] CSA_Stage 1 S;

wire [7:0] CSA Stage 1 C

wire [7:0] CSA_Stage 2_S;

wire [7:0] CSA_Stage 2 C
S;
C

wire [8:0] CSA_Stage 3
wire [8:0] CSA_Stage 3

J-=-==-mm-- Instantiations 1l

PE_AD_CSA ADL1 (.clk(clk),
.reset(reset),
.update_Cur_MB(update_Cur_MB),
.C(C1),
.R(R1),

.AD(AD1_Out)

)i

PE_AD_CSA AD2 (.clk(clk),
.reset(reset),
.update_Cur_MB(update_Cur_MB),
.C(C2),
.R(R2),

.AD(AD2_Out)

)i

PE_AD_CSA AD3 (.clk(clk),
.reset(reset),
.update_Cur_MB(update_Cur_MB),
.C(C3),
.R(R3),

.AD(AD3_Out)

)i

PE_AD_CSA AD4 (.clk(clk),
.reset(reset),
.update_Cur_MB(update_Cur_MB),
.C(C4),
.R(R4),

.AD(AD4_Out)

)i

CSA_8 CSA_Stage_1 (.x(AD4_Out[7:0]),
Y(AD3_Out[7:0]),
.z(AD2_0ut[7:0]),
.S(CSA _ Stage 1 9S),

.C(CSA Stage 1 C)
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);

CSA _8 CSA Stage 2 (X(CSA_Stage 1_S),
Y(AD1_Out[7:0]),
.z(PSAD_1][7:0)]),

.S(CSA _Stage 2 S),

.C(CSA _ Stage 2 Q)

)i

CSA_9 CSA Stage 3 (X({CSA_Stage_1_C,AD4_Out[8]}),
Y{CSA_Stage 2 C,AD3_Out[8]}),
.z({PSAD_1[8],CSA_Stage_2_S}),
.S(CSA_Stage_3_9S),

.c(CSA_Stage 3 _C)

)i

always @(posedge clk) begin
if (reset) PSAD 2<=0;
else if (enable) PSAD_2 <= ({2'b00,{CSA_Stage AD2 Out[8]}} +
{1'b0,{PSAD_1[10:9],CSA_Stage_3_S}})
+ AD1_Out[8];
end

endmodule
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/*************************

* Theepan Moorthy *
* Ryerson University *
* Copyright August 2007 *
* Row_Adder_3 CSA.v *

*% *kkk a/

/I This Module takes the Absolute Differences drécessing Elements
/I and produces their SUM to be used as a parfiil B8 Row 3 (within
/[ the complete architecture)

module Row_Adder_3 CSA (

clk, /I Input clock signal

reset, /I Input reset signal

enable, /I Input enable signal
update_Cur_MB, // Input enable signal to load nawrént MB data
C1, // Input PEL1 from the Current Frame
Cc2, // Input PEL2 from the Current Frame
C3, I/l Input PEL3 from the Current Frame
C4, I/l Input PEL4 from the Current Frame
R1, // Input PEL1 from the Reference Frame
R2, // Input PEL2 from the Refference Frame
R3, // Input PEL3 from the Reference Frame
R4, // Input PEL4 from the Reference Frame
PSAD 2, I/l Input Partial SAD from Row 0
PSAD_3 // Output Partial SAD Row 1

)i

[[-=-mmmemme-- Input Ports /l

input clk;

input reset;

input enable;

input update_Cur_MB,;
input [7:0] C1,;

input [7:0] C2;

input [7:0] C3;

input [7:0] C4;

input [7:0] RZ1;

input [7:0] R2;

input [7:0] R3;

input [7:0] R4;

input [11:0] PSAD_2;

/ — Output Ports I

output reg [12:0] PSAD_3;
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/—— Internal Variables

wire [8:0] AD1_Out;

wire [8:0] AD2_Out;

wire [8:0] AD3_Out;

wire [8:0] AD4_Out;

wire [7:0] CSA_Stage 1 S;

wire [7:0] CSA Stage 1 C

wire [7:0] CSA_Stage 2_S;

wire [7:0] CSA_Stage 2 C
S;
C

wire [8:0] CSA_Stage 3
wire [8:0] CSA_Stage 3

J-=-==-mm-- Instantiations 1l

PE_AD_CSA ADL1 (.clk(clk),
.reset(reset),
.update_Cur_MB(update_Cur_MB),
.C(C1),
.R(R1),

.AD(AD1_Out)

)i

PE_AD_CSA AD2 (.clk(clk),
.reset(reset),
.update_Cur_MB(update_Cur_MB),
.C(C2),
.R(R2),

.AD(AD2_Out)

)i

PE_AD_CSA AD3 (.clk(clk),
.reset(reset),
.update_Cur_MB(update_Cur_MB),
.C(C3),
.R(R3),

.AD(AD3_Out)

)i

PE_AD_CSA AD4 (.clk(clk),
.reset(reset),
.update_Cur_MB(update_Cur_MB),
.C(C4),
.R(R4),

.AD(AD4_Out)

)i

CSA_8 CSA_Stage_1 (.x(AD4_Out[7:0]),
Y(AD3_Out[7:0]),
.z(AD2_0ut[7:0]),
.S(CSA _ Stage 1 9S),

.C(CSA Stage 1 C)
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);

CSA _8 CSA Stage 2 (X(CSA_Stage 1_S),
Y(AD1_Out[7:0]),
.z(PSAD_2[7:0)]),

.S(CSA _Stage 2 S),

.C(CSA _ Stage 2 Q)

)i

CSA_9 CSA Stage 3 (X({CSA_Stage_1_C,AD4_Out[8]}),
Y{CSA_Stage 2 C,AD3_Out[8]}),
.Z({PSAD_2[8],CSA_Stage_2_S}),
.S(CSA_Stage_3_9S),

.c(CSA_Stage 3 _C)

)i

always @(posedge clk) begin
if (reset) PSAD _3<=0;
else if (enable) PSAD_3 <= ({3'b000,{CSA_StageCAD2_Out[8]}} +
{1'b0,{PSAD_2[11:9],CSA_Stage_3_S}})
+ AD1_Out[8];
end

endmodule
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/**************************

* Theepan Moorthy

* Ryerson University

* Copyright October 2007
*four_by_four_block.v

* * *% *kkk aa/

/I This Module is a

o % %

/I 4 Processing Elements x 4 Processing Elements
/I PSAD block with 16 PEs in total

module four_by four_block (

clk, /I Input clock signal
reset, Il Input reset signal
enable, I/l Input enable signal

update_Row_0,
update_Row_1,
update_Row_2,
update_Row_3,

bus_Select 0,
bus_Select 1,
bus_Select 2,
bus_Select 3,

/I Input enable signal to Inad Current MB data
/I Input enable signal to Inad Current MB data
/I Input enable signal to Inad Current MB data
/I Input enable signal to lnad Current MB data

/I Input Select to Control éRolv's Selection
/l from the following Dual Blises:

broadcast_column_1_8bits_A, // Input 8-bits fordmcast bus #1_A
broadcast_column_2_8bits_A, // Input 8-bits fordmcast bus #2_A
broadcast_column_3_ 8bits_A, // Input 8-bits fordmcast bus #3_A
broadcast_column_4_8bits_A, // Input 8-bits fordmcast bus #4_A

broadcast_column_1_8bits_B, // Input 8-bits foraatcast bus #1_B
broadcast_column_2_8bits_B, // Input 8-bits foraatcast bus #2_B
broadcast_column_3_8bits_B, // Input 8-bits foraatcast bus #3_B
broadcast_column_4_8bits_B, // Input 8-bits foraatcast bus #4 B

PSAD_Out // Output Partial SAD

);

1

e Input Ports

input clk;

input reset;

input enable;

input update_Row_0;
input update_Row_1;
input update_Row_2;
input update_Row_3;
input bus_Select_0;
input bus_Select_1;
input bus_Select_2;
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input bus_Select_3;

input [7:0] broadcast_column_1_8bits_A;
input [7:0] broadcast_column_2_8bits_A;
input [7:0] broadcast_column_3_8bits_A;
input [7:0] broadcast_column_4_8bits_A;
input [7:0] broadcast_column_1_8bits_B;
input [7:0] broadcast_column_2_8bits_B;
input [7:0] broadcast_column_3_8bits_B;
input [7:0] broadcast_column_4 8bits_B;

J/— Output Ports 2

output [12:0] PSAD_Out;

J-=-==-mm-- Internal Wires 1l

wire [9:0] Row_0_Out;
wire [10:0] Row_1_ Out;
wire [11:0] Row_2_Out;

wire [7:0] broadcast_column_1_0, broadcast_columf, Broadcast_column_3_0, broadcast_column_4_0;
wire [7:0] broadcast_column_1_1, broadcast_columf, Broadcast_column_3_1, broadcast_column_4_1;
wire [7:0] broadcast_column_1_ 2, broadcast_colum@, Broadcast_column_3_2, broadcast_column_4_2;
wire [7:0] broadcast_column_1_3, broadcast_columB, Broadcast_column_3_3, broadcast_column_4_3;

=== Implementation 1l

/I controled selection of the Dual Bus Lines

/I during operation for each of the Rows

assign broadcast_column_1 0 = (bus_Select 0)? tmetactolumn_1 8bits B : broadcast_column_1 8bits_A,
assign broadcast_column_2 0 = (bus_Select_0)? tmeactolumn_2_ 8bits B : broadcast_column_2_8bits_A,
assign broadcast_column_3 0 = (bus_Select_0)? dmeactolumn_3_8bits B : broadcast_column_3_8bits_A,
assign broadcast_column_4 0 = (bus_Select_0)? tmectolumn_4_8bits B : broadcast_column_4_8bits_A,
assign broadcast_column_1 1 = (bus_Select_1)? dmectolumn_1_8bits B : broadcast_column_1_8bits_A,
assign broadcast_column_2_1 = (bus_Select_1)? dmectolumn_2_8bits B : broadcast_column_2_8bits_A,
assign broadcast_column_3 1 = (bus_Select_1)? dmectolumn_3_8bits B : broadcast_column_3_8bits_A,
assign broadcast_column_4 1 = (bus_Select_1)? dmectolumn_4_8bits B : broadcast_column_4_8bits_A,
assign broadcast_column_1 2 = (bus_Select 2)? tmeadtolumn_1 8bits B : broadcast_column_1 8bits_A,
assign broadcast_column_2_ 2 = (bus_Select 2)? tmetadtolumn_2_ 8bits B : broadcast_column_2_8bits_A,
assign broadcast_column_3 2 = (bus_Select 2)? tmeadtolumn_3_8bits B : broadcast_column_3_8bits_A,
assign broadcast_column_4 2 = (bus_Select 2)? tmeadtolumn_4 8bits B : broadcast_column_4_8bits_A,
assign broadcast_column_1 3 = (bus_Select 3)? tmeadtolumn_1 8bits B : broadcast_column_1 8bits_A,
assign broadcast_column_2_3 = (bus_Select_3)? dmeadolumn_2_8bits B : broadcast_column_2_8bits_A,
assign broadcast_column_3 3 = (bus_Select_3)? tmeadolumn_3_8bits B : broadcast_column_3_8bits_A,
assign broadcast_column_4 3 = (bus_Select_3)? tmeadolumn_4_8bits B : broadcast_column_4_8bits_A,

AN AN,

/A — Instantiations I

Row_Adder_0 PSAD 0 (
.clk(clk),
.reset(reset),
.enable(enable),
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.update_Cur_MB(update_Row_0),
.C1(broadcast_column_1_8bits_A),
.C2(broadcast_column_2_8bits_A),
.C3(broadcast_column_3_8hits_A),
.C4(broadcast_column_4_8bhits_A),
.R1(broadcast_column_1_0),
.R2(broadcast_column_2_0),
.R3(broadcast_column_3_0),
.R4(broadcast_column_4_0),
.PSAD_O(Row_0_Out)

)i

Row_Adder_1 _CSA PSAD _1 (
.clk(clk),
.reset(reset),
.enable(enable),
.update_Cur_MB(update_Row_1),
.Cl(broadcast_column_1_8bits_A),
.C2(broadcast_column_2_8bits_A),
.C3(broadcast_column_3_8bits_A),
.C4(broadcast_column_4_8bits_A),
.R1(broadcast_column_1_1),
.R2(broadcast_column_2_1),
.R3(broadcast_column_3_1),
.R4(broadcast_column_4_1),
.PSAD_0O(Row_0_Out),
.PSAD_1(Row_1_0Out)
)i

Row_Adder 2 CSA PSAD 2 (
.clk(clk),
.reset(reset),
.enable(enable),
.update_Cur_MB(update_Row_2),
.C1(broadcast_column_1_8bits_A),
.C2(broadcast_column_2_8bits_A),
.C3(broadcast_column_3_8bits_A),
.C4(broadcast_column_4_8bits_A),
.R1(broadcast_column_1_2),
.R2(broadcast_column_2_2),
.R3(broadcast_column_3_2),
.R4(broadcast_column_4_2),
.PSAD_1(Row_1_Out),
.PSAD_2(Row_2_Out)
)i

Row_Adder_3_CSA PSAD_3 (
.clk(clk),
.reset(reset),
.enable(enable),
.update_Cur_MB(update_Row_3),
.Cl(broadcast_column_1_8bits_A),
.C2(broadcast_column_2_8bits_A),
.C3(broadcast_column_3_8bits_A),
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.C4(broadcast_column_4_8bits_A),
.R1(broadcast_column_1_3),
.R2(broadcast_column_2_3),
.R3(broadcast_column_3_3),
.R4(broadcast_column_4_3),
.PSAD_2(Row_2_ Out),
.PSAD_3(PSAD_Out)

)i

endmodule
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/****************************

* Theepan Moorthy *
* Ryerson University

* Copyright August 2007 *
* four_stage_delay_line.v *

* * *% *kkk *% /

/I This Module uses four 13-bit registers
/I connected serially to create the 4-stage détey |
/I used to propagate half of the 4x4 PSADs as redui

module four_stage_delay line (

clk, /I Input clock signal
reset, /I Input reset signal
enable, I/l Input enable signal

input_13_bits, // Input 13-bits that are to be geth
output_13 bits // Outputs the initial input 13-Hitg four clock cycles

/[ ——— Input Ports I

input clk;

input reset;

input enable;

input [12:0] input_13_bhits;

/ — Output Ports I

output reg [12:0] output_13_ bits;

reg [12:0] Reg_1;
reg [12:0] Reg_2;
reg [12:0] Reg_3;

always @(posedge clk) begin

if (reset) Reg_1<=0;

else if (enable) Reg_1 <= input_13_bits;
end

always @(posedge clk) begin

if (enable) Reg 2 <= Reg_1;
end
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always @(posedge clk) begin
if (enable) Reg_3 <= Reg_2;
end

always @(posedge clk) begin
if (enable) output_13_bits <= Reg_3;
end

endmodule
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/****************************

* Theepan Moorthy *
* Ryerson University *
* Copyright August 2007 *
* eight_stage_delay_line.v *

* * *% *kkk *% /

/I This Module uses eight 15-bit registers
/I connected serially to create the 8-stage détey |
/I used to propagate half of the 8x8 PSADs as redui

module eight_stage_delay_line (

clk, I/l Input clock signal
reset, I/ Input reset signal
enable, /I Input enable signal

input_15_bits, // Input 15-bits that are to beagted
output_15_bits // Outputs the initial input 15-Hitg four clock cycles

/[ ——— Input Ports I

input clk;

input reset;

input enable;

input [14:0] input_15_hits;

/ — Output Ports I

output reg [14:0] output_15_bits;

reg [14:0] Reg_1;
reg [14:0] Reg_2;
reg [14:0] Reg_3;
reg [14:0] Reg_4;
reg [14:0] Reg_5;
reg [14:0] Reg_6;
reg [14:0] Reg_7;

always @(posedge clk) begin

if (reset) Reg_1<=0;

else if (enable) Reg_1 <= input_15_bits;
end
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always @(posedge clk) begin

if (enable) Reg_2 <= Reg_1;

end

always @(posedge clk) begin

if (enable) Reg_3 <= Reg_2;

end

always @(posedge clk) begin

if (enable) Reg_4 <= Reg_3;

end

always @(posedge clk) begin

if (enable) Reg_5 <= Reg_4;

end

always @(posedge clk) begin

if (enable) Reg_6 <= Reg_5;

end

always @(posedge clk) begin

if (enable) Reg_7 <= Reg_6;

end

always @(posedge clk) begin

if (enable) output_15_bits <= Reg_7;

end

endmodule
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/****************************

* Theepan Moorthy *
* Ryerson University *

* Copyright September 2007

* main_data_path.v *

* *% *kkk *% /

/I This Module is the top level data path module
/I which integrates and assembles the entire detagrchitecture

module main_data_path (

clk, /Il Input clock signal

reset, /I Input reset signal

enable, /I Input enable signal

update_Cur_MB, /I Input control signal to loagwnCurrent MB data
bus_Select, // Input control signal for Busé.iBelection

broadcast_column_1 32bits_A, // Input 32-bits fnrm@mory broadcast bus #1
broadcast_column_2_32bits_A, // Input 32-bits fnrm@mory broadcast bus #2
broadcast_column_3 32bits_A, // Input 32-bits fnrm@mory broadcast bus #3
broadcast_column_4_32bits_A, // Input 32-bits fnrm@mory broadcast bus #4

broadcast_column_1_32bits_B, // Input 32-bits frmemory broadcast bus #1
broadcast_column_2_32bits_B, // Input 32-bits frmemory broadcast bus #2
broadcast_column_3 32bits_B, // Input 32-bits frmemory broadcast bus #3
broadcast_column_4 32bits_B, // Input 32-bits frmemory broadcast bus #4

/I The 16 4x4 SAD output registers, labeled by mmkimn

B4x4_00_out, B4x4_01_out, B4x4_02_out, B4x4_03_out,
B4x4_ 10 _out, B4x4_11 out, B4x4_12 out, B4x4 13 out,
B4x4 20 out, B4x4 21 out, B4x4 22 out, B4x4 23 out,
B4x4 30 out, B4x4 31 out, B4x4 32 _out, B4x4 33 out,

/I The 8 4x8 SAD output registers, labeled by raimn
B4x8 00 out, B4x8_ 01 out, B4x8 02_out, B4x8 03 _out,
B4x8 10 out, B4x8 11 out, B4x8 12 out, B4x8 13 out,

/I The 8 8x4 SAD output registers, labeled by raimn
B8x4_00_out, B8x4_01_out,
B8x4_10 out, B8x4_11 out,
B8x4_20 out, B8x4_21 out,
B8x4 30 out, B8x4 31 out,

/I The 4 8x8 SAD output registers, labeled by raimn
B8x8 00 out, B8x8 01 _out,
B8x8 10 out, B8x8 11 out,

/l The 2 8x16 SAD output registers, labeled by noiu
B8x16_0_ out, B8x16_1 out,

/l The 2 16x8 SAD output registers, labeled by row
B16x8_0_out, B16x8_1 out,
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/[ The 1 16x16 SAD output register
B16x16_out

);

)/ —— Input Ports 1

input clk;

input reset;

input enable;

input [4:0] update_Cur_MB;
input [3:0] bus_Select;

input [31:0] broadcast_column_1_32bits_A;
input [31:0] broadcast_column_2_32bits A;
input [31:0] broadcast_column_3_32bits_A;
input [31:0] broadcast_column_4_32bits A;

input [31:0] broadcast_column_1_32bits_B;
input [31:0] broadcast_column_2_32bits_B;
input [31:0] broadcast_column_3_32bits_B;
input [31:0] broadcast_column_4_32bits_B;

A —— Output Ports 1l

/l The 16 4x4 SAD output registers, labeled by mmkimn

output [12:0] B4x4_00_out, B4x4_01 out, B4x4_ 02, @#x4 03_out;
output [12:0] B4x4_10_out, B4x4_11 out, B4x4_ 12, @#4x4 13 out;
output [12:0] B4x4_20_out, B4x4 21 out, B4x4 22, @#x4 23 out;
output [12:0] B4x4_30_out, B4x4_31 out, B4x4_ 32, @#x4 33 _out;

/I The 8 4x8 SAD output registers, labeled by raimn
output reg [13:0]

B4x8 00 out, B4x8_01 out, B4x8 02_out, B4x8 03 _out,
B4x8 10 out, B4x8_ 11 out, B4x8 12 out, B4x8 13 out;

/I The 8 8x4 SAD output registers, labeled by raimn
output reg [13:0]

B8x4_00_out, B8x4_01_out,

B8x4_10 out, B8x4_11 out,

B8x4_20 out, B8x4_21 out,

B8x4_30_out, B8x4_31 out;

/I The 4 8x8 SAD output registers, labeled by raimn
output reg [14:0]

B8x8 00 out, B8x8 01 _out,

B8x8 10 out, B8x8 11 out;

/I The 2 8x16 SAD output registers, labeled by noiu
output reg [15:0] B8x16_0_out, B8x16_1 out;

/I The 2 16x8 SAD output registers, labeled by row
output reg [15:0] B16x8_0_out, B16x8 1 out;
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/[ The 1 16x16 SAD output register
output reg [16:0] B16x16_out;

J-=-==-=mm-- Internal Wires 1l

reg update_Block_Row_0;
reg update_Block_Row_1;
reg update_Block_Row_2;
reg update_Block_Row_3;
reg update_Block_Row_4;
reg update_Block_Row_5;
reg update_Block_Row_6;
reg update_Block_Row_7;
reg update_Block_Row_8;
reg update_Block_Row_9;
reg update_Block_Row_10;
reg update_Block Row_11;
reg update_Block_Row_12;
reg update_Block_Row_13;
reg update_Block_Row_14;
reg update_Block_Row_15;

reg bus_Select_0;
reg bus_Select_1;
reg bus_Select_2;
reg bus_Select_3;
reg bus_Select_4;
reg bus_Select_5;
reg bus_Select_6;
reg bus_Select _7;
reg bus_Select_8;
reg bus_Select_9;
reg bus_Select_10;
reg bus_Select_11;
reg bus_Select_12;
reg bus_Select_13;
reg bus_Select_14;
reg bus_Select_15;

wire [12:0]
B4x4_00, B4x4_01, B4x4_02, B4x4_03,
B4x4 20, B4x4 21, B4x4 22, Bax4_23;

wire [14:0]
B8x8_00_delayed, B8x8 01_delayed;

/A — Implementation 2

/I Control of updating Current MB row selection...
always @(*)
begin

case (update_Cur_MB)

105



7.1 Verilog Code Files

0 : begin
update_Block Row_0
update_Block Row_1
update_Block Row_2
update_Block Row_3
update_Block Row_4
update_Block Row_5
update_Block Row_6
update_Block Row_7
update_Block Row_8
update_Block Row_9 ;
update_Block _Row_10 = 0;
update_Block _Row_11 = 0;
update_Block _Row_12 = 0;
update_Block Row_13 =0;
update_Block Row_14 = 0;
update_Block Row_15 = 0;
end

1: begin
update_Block Row 0 =0;
update_Block Row_1 =1;
update_Block _Row_2
update_Block Row_3
update_Block _Row_4 =
update_Block Row 5 =
update_Block _Row_6 =
update_Block Row 7 =0;
update_Block Row 8 =0;
update_Block Row_ 9 =0;
update_Block Row_10 = 0;
update_Block Row_11 =0;
update_Block Row_12 = 0;
update_Block Row_13 =0;
update_Block _Row_14 = 0;
update_Block _Row_15 = 0;
end

2 : begin
update_Block _Row_0
update_Block Row_1
update_Block Row_2
update_Block Row_3
update_Block Row_4
update_Block Row_5
update_Block Row_6
update_Block Row_7
update_Block Row_8
update_Block Row_9 ;
update_Block _Row_10 = 0;
update_Block _Row_11 = 0;
update_Block Row_12 = 0;
update_Block Row_13 =0;
update_Block Row_14 = 0;
update_Block Row_15 = 0;
end
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3 : begin

update_Block _Row_0 =0;
update_Block Row_1 =0;
update_Block Row 2 =0;
update_Block Row 3 =1;
update_Block Row_4 =0;
update_Block Row 5 =0;
update_Block Row 6 =0;
update_Block Row 7 =0;
update_Block Row_8 =0;
update_Block Row_9 =0;
update_Block _Row_10 = 0;
update_Block _Row_11 = 0;
update_Block _Row_12 = 0;
update_Block Row_13 =0;
update_Block Row_14 = 0;
update_Block Row_15 = 0;
end

4 : begin
update_Block Row_0 =0;
update_Block Row_1 =0;
update_Block Row_2
update_Block Row_3
update_Block Row_4
update_Block Row_5
update_Block Row_6
update_Block Row 7 =0;
update_Block Row 8 =0;
update_Block Row_9 =0;
update_Block Row_10 = 0;
update_Block Row_11 = 0;
update_Block Row_12 = 0;
update_Block Row_13 = 0;
update_Block _Row_14 = 0;
update_Block _Row_15 = 0;
end
5 : begin

update_Block Row_0
update_Block Row_1
update_Block Row_2
update_Block Row_3
update_Block Row_4
update_Block Row_5
update_Block Row_6
update_Block Row_7
update_Block Row_8
update_Block _Row_9 ;
update_Block _Row_10 = 0;
update_Block Row_11 = 0;
update_Block Row_12 = 0;
update_Block Row_13 =0;
update_Block Row_14 = 0;
update_Block Row_15 = 0;
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end

6 : begin
update_Block _Row_0
update_Block Row_1
update_Block Row_2
update_Block Row_3
update_Block Row_4
update_Block Row_5
update_Block Row_6
update_Block _Row_7
update_Block Row_8
update_Block Row_9
update_Block _Row_10 = 0
update_Block _Row_11 = 0;
update_Block Row_12 = 0;
update_Block Row_13 =0;
update_Block Row_14 = 0;
update_Block Row_15 = 0;
end

7 : begin
update_Block Row_0 =0;
update_Block Row_1 =0;
update_Block _Row_2 =0;
update_Block _Row_3 =0;
update_Block _Row_4 =0;
update_Block Row 5 =0;
update_Block Row 6 =0;
update_Block Row 7 =1;
update_Block Row 8 =0;
update_Block Row_9 =0;
update_Block Row_10 = 0;
update_Block Row_11 = 0;
update_Block _Row_12 = 0;
update_Block Row_13 = 0;
update_Block _Row_14 = 0;
update_Block _Row_15 = 0;
end

8 : begin
update_Block Row_0
update_Block Row_1
update_Block Row_2
update_Block Row_3
update_Block Row_4
update_Block Row_5
update_Block Row_6
update_Block Row_7
update_Block Row_8
update_Block _Row_9
update_Block _Row_10 = 0
update_Block Row_11 = 0;
update_Block Row_12 = 0;
update_Block Row_13 =0;
update_Block Row_14 = 0;
update_Block Row_15 = 0;

QQQ'—.‘QQQQOO
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end

9 : begin
update_Block _Row_0
update_Block Row_1
update_Block Row_2
update_Block Row_3
update_Block Row_4
update_Block Row_5
update_Block Row_6
update_Block _Row_7
update_Block Row_8
update_Block Row_9
update_Block _Row_10 = 0
update_Block _Row_11 = 0;
update_Block Row_12 = 0;
update_Block Row_13 =0;
update_Block Row_14 = 0;
update_Block Row_15 = 0;
end

10 : begin
update_Block Row_0 =0;
update_Block Row_1 =0;
update_Block _Row_2 =0;
update_Block _Row_3 =0;
update_Block _Row_4 =0;
update_Block Row 5 =0;
update_Block Row 6 =0;
update_Block Row 7 =0;
update_Block Row 8 =0;
update_Block Row_9 =0;
update_Block Row_10 =1;
update_Block Row_11 = 0;
update_Block Row_12 = 0;
update_Block Row_13 = 0;
update_Block _Row_14 = 0;
update_Block _Row_15 = 0;
end

11 : begin
update_Block Row_0
update_Block Row_1
update_Block Row_2
update_Block Row_3
update_Block Row_4
update_Block Row_5
update_Block Row_6
update_Block Row_7
update_Block Row_8
update_Block _Row_9
update_Block _Row_10 = 0
update_Block Row_ 11 =1;
update_Block Row_12 = 0;
update_Block Row_13 =0;
update_Block Row_14 = 0;
update_Block Row_15 = 0;
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end

12 : begin
update_Block _Row_0
update_Block Row_1
update_Block Row_2
update_Block Row_3
update_Block Row_4
update_Block Row_5
update_Block Row_6
update_Block _Row_7
update_Block Row_8
update_Block Row_9
update_Block _Row_10 = 0
update_Block _Row_11 = 0;
update_Block Row_12 =1;
update_Block Row_13 =0;
update_Block Row_14 = 0;
update_Block Row_15 = 0;
end

13 : begin
update_Block Row_0 =0;
update_Block Row_1 =0;
update_Block _Row_2 =0;
update_Block _Row_3 =0;
update_Block _Row_4 =0;
update_Block Row 5 =0;
update_Block Row 6 =0;
update_Block Row 7 =0;
update_Block Row 8 =0;
update_Block Row_9 =0;
update_Block Row_10 = 0;
update_Block Row_11 = 0;
update_Block Row_12 = 0;
update_Block Row_13 =1;
update_Block _Row_14 = 0;
update_Block _Row_15 = 0;
end

14 : begin
update_Block Row_0
update_Block Row_1
update_Block Row_2
update_Block Row_3
update_Block Row_4
update_Block Row_5
update_Block Row_6
update_Block Row_7
update_Block Row_8
update_Block _Row_9
update_Block _Row_10 = 0
update_Block Row_11 = 0;
update_Block Row_12 = 0;
update_Block Row_13 =0;
update_Block Row_14 =1;
update_Block Row_15 = 0;
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end

15 : begin
update_Block _Row_0
update_Block Row_1
update_Block Row_2
update_Block Row_3
update_Block Row_4
update_Block Row_5
update_Block Row_6
update_Block _Row_7
update_Block Row_8
update_Block Row_9
update_Block _Row_10 = 0
update_Block _Row_11 = 0;
update_Block Row_12 = 0;
update_Block Row_13 =0;
update_Block Row_14 = 0;
update_Block Row_15 =1;
end

16 : begin
update_Block Row_0 =0;
update_Block Row_1 =0;
update_Block _Row_2 =0;
update_Block _Row_3 =0;
update_Block _Row_4 =0;
update_Block Row 5 =0;
update_Block Row 6 =0;
update_Block Row 7 =0;
update_Block Row 8 =0;
update_Block Row_9 =0;
update_Block Row_10 = 0;
update_Block Row_11 = 0;
update_Block Row_12 = 0;
update_Block Row_13 = 0;
update_Block _Row_14 = 0;
update_Block _Row_15 = 0;
end

default : begin
update_Block Row_0
update_Block Row_1
update_Block Row_2
update_Block Row_3
update_Block Row_4
update_Block Row_5
update_Block Row_6
update_Block Row_7
update_Block Row_8
update_Block _Row_9
update_Block _Row_10 = 0
update_Block Row_11 = 0;
update_Block Row_12 = 0;
update_Block Row_13 =0;
update_Block Row_14 = 0;
update_Block Row_15 = 0;
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end

endcase

end

/I Control of the Dual Bus Line selection...

always @(*)

begin

case (bus_Select)

0 : begin

bus_Select 0
bus_ Select 1
bus_Select 2
bus_Select 3

bus_Select 4 =

bus_Select 5
bus_Select 6
bus_Select 7
bus_Select 8
bus_Select 9

bus_Select 10 = 0;
bus_Select 11 =0;
bus_Select 12 = 0;
bus_ Select 13 =0;
bus_Select 14 = 0;
bus_Select 15 =0;

end
: begin

bus_Select 0 =

bus_Select 1
bus_Select 2
bus_Select 3

bus_Select 4 =

bus_Select 5
bus_Select 6
bus_Select 7
bus_Select 8
bus_Select 9

bus_ Select 10 =1;
bus_Select 11 =1;
bus_Select 12 =1;
bus_Select 13 =1;
bus_Select 14 =1;
bus_Select 15 =1;

end
: begin

bus_Select 0 =

bus_ Select 1
bus_Select 2
bus_Select 3
bus_Select 4
bus_Select 5
bus_Select 6
bus_Select 7

bus_Select 8 =

PR RRRO
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bus Select 9 =1;
bus_ Select 10 =1;
bus Select 11 =1;
bus_Select 12 =1;
bus_Select 13 =1;
bus_Select 14 =1;
bus_Select 15 =1;
end
3 : begin

bus_Select 0 =0;
bus Select 1 =0;
bus_Select 2 =0;
bus_ Select 3 =1;
bus_Select 4 =1;

bus Select 5 =1;
bus_Select 6 =1;
bus_Select 7 =1;
bus_Select 8 =1;
bus_Select 9 =1;

bus_Select 10 =1;
bus Select 11 =1;
bus_ Select 12 = 1;
bus Select 13 =1;
bus_ Select 14 = 1;
bus_ Select 15=1;
end

4 : begin
bus_Select 0 =
bus_Select 1
bus_Select 2
bus_Select 3
bus_Select 4 =
bus_Select 5
bus_Select 6
bus_Select 7
bus_Select 8
bus_ Select 9 ;
bus_Select 10 =1;
bus_Select 11 =1;
bus_Select 12 =1;
bus_Select 13 =1;
bus_Select 14 =1;
bus_ Select 15=1;
end

5 : begin
bus_Select 0 =0;
bus Select 1 =0;
bus_Select 2 =0;
bus_Select 3 =0;
bus_Select 4 =0;
bus_Select 5 =1;
bus_Select 6 =1;
bus_Select 7 =1;
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bus_ Select 8 =1;
bus Select 9 =1;
bus_ Select 10 =1;

bus_Select 11 =1;
bus_Select 12 =1;
bus_Select 13 =1;
bus_Select 14 =1;
bus_Select 15 =1;
end
6 : begin
bus_Select 0 =0;
bus Select 1 =0;
bus_Select 2 =0;
bus_Select 3 =0;
bus_Select 4 =0;
bus_Select 5 =
bus_Select 6 =
bus_Select 7
bus_Select 8
bus_Select 9 ;
bus_ Select 10 =1;
bus Select 11 =1;
bus Select 12 = 1;
bus_ Select 13 =1;
bus Select 14 =1;
bus_ Select 15=1;
end
7 : begin

bus_Select 0 =
bus_Select 1
bus_Select 2
bus_Select 3
bus_Select 4 =
bus_Select 5
bus_Select 6
bus_Select 7
bus_Select 8
bus_ Select 9 ;
bus_Select 10 =1;
bus_Select 11 =1;
bus_Select 12 =1;
bus_Select 13 =1;
bus_Select 14 =1;
bus_ Select 15=1;
end

Lyl e
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8 : begin
bus_Select 0 =0;
bus Select 1 =0;
bus_Select 2 =0;
bus_Select 3 =0;
bus_Select 4 =0;
bus_Select 5 =0;
bus_Select 6 =0;

114



7.1 Verilog Code Files

bus_Select 7 =0;
bus_ Select 8 =1;
bus Select 9 =1;
bus_Select 10 =1;

bus_Select 11 =1;
bus_Select 12 =1;
bus_Select 13 =1;
bus_Select 14 =1;
bus_Select 15 =1;
end

9 : begin
bus_Select 0
bus_ Select 1
bus_Select 2
bus_Select 3
bus_Select 4 =
bus_Select 5
bus_Select 6
bus_Select 7
bus_Select 8
bus_Select 9 ;
bus_ Select 10 =1;
bus Select 11 =1;
bus Select 12 = 1;
bus Select 13 =1;
bus_ Select 14 = 1;
bus_Select 15 =1;
end

10 : begin
bus_Select 0 =
bus_Select 1
bus_Select 2
bus_Select 3
bus_Select 4 =
bus_Select 5
bus_Select 6
bus_Select 7
bus_Select 8
bus_Select 9 ;
bus_Select 10 =1;
bus_Select 11 =1;
bus_Select 12 =1;
bus_Select 13 =1;
bus_ Select 14 =1;
bus_ Select 15=1;
end

11 : begin
bus_Select 0 =0;
bus Select 1 =0;
bus_Select 2 =0;
bus_Select 3 =0;
bus_Select 4 =0;
bus_Select 5 =0;
bus_Select 6 =0;
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bus_Select 7 =0;
bus_Select 8 =0;
bus_Select 9 =0;
bus_Select 10 = 0;

bus_Select 11 =1;
bus_Select 12 =1;
bus_Select 13 =1;
bus_Select 14 =1;
bus_Select 15 =1;
end

12 : begin
bus_Select 0
bus_ Select 1
bus_Select 2
bus_Select 3
bus_Select 4 =
bus_Select 5
bus_Select 6
bus_Select 7
bus_Select 8
bus_Select 9 ;
bus_Select 10 = 0;
bus_ Select 11 =0;
bus Select 12 = 1;
bus Select 13 =1;
bus_ Select 14 = 1;
bus_Select 15 =1;
end

13 : begin
bus_Select 0 =
bus_Select 1
bus_Select 2
bus_Select 3
bus_Select 4 =
bus_Select 5
bus_Select 6
bus_Select 7
bus_Select 8
bus_Select 9 ;
bus_Select 10 = 0;
bus_Select 11 =0;
bus_Select 12 = 0;
bus_Select 13 =1;
bus_ Select 14 =1;
bus_ Select 15=1;
end

14 : begin
bus_Select 0 =0;
bus Select 1 =0;
bus_Select 2 =0;
bus_Select 3 =0;
bus_Select 4 =0;
bus_Select 5 =0;
bus_Select 6 =0;
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bus_Select 7 =0;
bus_Select 8 =0;
bus Select 9 =0
bus_Select 10 =

end

15 : begin

bus_Select 0 =0;
bus Select 1 =0;
bus_Select 2
bus_Select 3
bus_Select 4 =
bus_Select 5
bus_Select 6
bus_Select 7 =0;
bus_Select_8 =0;
bus_Select 9 =0;
bus_Select 10 = O
bus_ Select 11 =0;

Lo

bus_Select 12 = 0;
bus_ Select 13 =0;
bus_Select 14 = 0;
bus_Select 15 =1;

end

default : begin

0;
bus_Select 11 =0;
bus_Select 12 = 0;
bus_Select 13 =0;
bus_Select 14 =1;
bus_Select 15 =1;

bus_Select 0 =0; //i.e. set to Select Bus A

bus_Select_1 =0;
bus_Select 2 =0;
bus_Select 3 =0;
bus_Select 4 =0;
bus_Select 5 =0;
bus_Select 6 =0;
bus_Select 7 =0;
bus_Select 8 =0;
bus_Select 9 =0;
bus_Select_10 = O
bus_Select 11 =0;

bus_Select 12 = 0;
bus_Select 13 =0;
bus_Select 14 = 0;
bus_Select 15 =0;

end

endcase
end

J---===mm-- Instantiations

/l The 16 4x4 Blocks

four_by four_block B4x4 00 B (.clk(clk),
.reset(reset),

/!
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7.1 Verilog Code Files

.enable(enable),

.update_Row_0O(update_BIdotw_0),

.update_Row_1(update_Bldotw 1),

.update_ Row_2(update_Bldttw_2),

.update_ Row_3(update_Bldttw_3),

.bus_Select 0(bus_Select 0

.bus_Select_1(bus_Seléect 1

.bus_Select 2(bus_Seléct 2

.bus_Select_3(bus_Select 3
.broadcast_column_1_8bits_A(broadcast oolul_32bits_A[31:24]),
.broadcast_column_2_8bits_A(broadcast oolul_32bits_A[23:16]),
.broadcast_column_3_8bits_A(broadcast molul_32bits_A[15:8]),
.broadcast_column_4_8bits_A(broadcast molul_32bits_A[7:0]),
.broadcast_column_1_8bits_B(broadcast nanlul_32bits B[31:24]),
.broadcast_column_2_8bits_B(broadcast nanlul_32bits B[23:16]),
.broadcast_column_3_8bits_B(broadcastnanlul_32bits B[15:8]),
.broadcast_column_4 8bits_B(broadcast nanlul_32bits B[7:0]),
.PSAD_Out(B4x4_00)

);

four_by four_block B4x4_01_B (.clk(clk),

.reset(reset),

.enable(enable),

.update_Row_0(update_BIdotw_0),

.update_Row_1(update_Bldotaw 1),

.update_Row_2(update_BIdttw_2),

.update_Row_3(update_Bldttw_3),

.bus_Select O(bus_Select 0

.bus_Select 1(bus_Seléct 1

.bus_Select 2(bus_Select 2

.bus_Select_3(bus_Select 3
.broadcast_column_1_8bits_A(broadcast mnll2_32bits_A[31:24]),
.broadcast_column_2_8bits_A(broadcast mol®2_32bits_A[23:16]),
.broadcast_column_3_8bits_A(broadcast mnl2_32bits_A[15:8]),
.broadcast_column_4_8bits_A(broadcast mol®2_32bits_A[7:0]),
.broadcast_column_1_8bits_B(broadcast nanll?_32bits B[31:24]),
.broadcast_column_2_8bits_B(broadcast nanll?_32bits B[23:16]),
.broadcast_column_3_8bits_B(broadcast nanl?_32bits B[15:8]),
.broadcast_column_4 8bits_B(broadcast nanl?_32bits_B[7:0]),
.PSAD_Out(B4x4_01)

);

four_by four_block B4x4 _02_B (.clk(clk),
.reset(reset),
.enable(enable),
.update_Row_0O(update_BIdotw_0),
.update_Row_1(update_Bldotw 1),
.update_Row_2(update_BIdotw_2),
.update_Row_3(update_BIdttw_3),
.bus_Select O(bus_Select 0
.bus_Select 1(bus_Select 1
.bus_Select 2(bus_Seléct 2
.bus_Select_3(bus_Select 3

.broadcast_column_1_8bits_A(broadcast mnlB_32bits_A[31:24]),
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.broadcast_column_2_8bits_A(broadcast mnlB3_32bits_A[23:16]),
.broadcast_column_3_8bits_A(broadcast mnl8_32bits_A[15:8]),
.broadcast_column_4_8bits_A(broadcast mnlB3_32bits_A[7:0]),
.broadcast_column_1_8bits_B(broadcast nanl8 32bits B[31:24]),
.broadcast_column_2_8bits_B(broadcast nanl8 32bits B[23:16]),
.broadcast_column_3_8bits_B(broadcast nanl8_32bits B[15:8]),
.broadcast_column_4 8bits_B(broadcast nanlB_32bits_B[7:0]),
.PSAD_Out(B4x4_02)

);

four_by four_block B4x4 _03_B (.clk(clk),

.reset(reset),

.enable(enable),

.update_Row_O(update_BIdotw_0),

.update_Row_1(update_Bldotw 1),

.update_ Row_2(update_Bldttw_2),

.update_ Row_3(update_Bldttw_3),

.bus_Select O(bus_Select 0

.bus_Select_1(bus_Seléct 1

.bus_Select 2(bus_Seléct 2

.bus_Select_3(bus_Selg¢t_3
.broadcast_column_1_8bits_A(broadcast mol#t_32bits_A[31:24]),
.broadcast_column_2_8bits_A(broadcast molu#_32bits_A[23:16]),
.broadcast_column_3_8bits_A(broadcast molut_32bits_A[15:8]),
.broadcast_column_4_8bits_A(broadcast molu#t_32bits_A[7:0]),
.broadcast_column_1_8bits_B(broadcast nanlyl 32bits B[31:24]),
.broadcast_column_2_8bits_B(broadcast nanlut 32bits B[23:16]),
.broadcast_column_3 8bits_B(broadcast nanlyt 32bits B[15:8]),
.broadcast_column_4 8bits_B(broadcast nanlul 32bits_B[7:0]),
.PSAD_Out(B4x4_03)

//////////////////////////////,/////////////////////////////////////////////////////////////////

four_by four_block B4x4_10_B (.clk(clk),

.reset(reset),

.enable(enable),

.update_Row_O(update_BIdotw_4),

.update_Row_1(update_BIdttw _5),

.update_Row_2(update_BIdttw_6),

.update_Row_3(update_Bldttw_7),

.bus_Select O(bus_Select 4

.bus_Select_1(bus_Select 5

.bus_Select 2(bus_Select 6

.bus_Select_3(bus_Seléct 7
.broadcast_column_1_8bits_A(broadcast molul_32bits_A[31:24]),
.broadcast_column_2_8bits_A(broadcast molul_32bits_A[23:16]),
.broadcast_column_3_8bits_A(broadcast molul_32bits_A[15:8]),
.broadcast_column_4_8bits_A(broadcast molul_32bits_A[7:0]),
.broadcast_column_1_8bits_B(broadcast nanlul_32bits B[31:24]),
.broadcast_column_2_8bits_B(broadcast nanlul_32bits B[23:16]),
.broadcast_column_3_8bits_B(broadcastnanlul_32bits B[15:8]),
.broadcast_column_4 8bits_B(broadcast nanlul_32bits B[7:0]),
.PSAD_Out(B4x4_10_out)

);
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four_by four_block B4x4 11 B (.clk(clk),

.reset(reset),

.enable(enable),

.update_ Row_O(update_Bldttw_4),

.update_ Row_1(update_Bldttw _5),

.update_ Row_2(update_Bldttw_6),

.update_ Row_3(update_Bldotw_7),

.bus_Select 0O(bus_Select 4

.bus_Select_1(bus_Selg¢ct 5

.bus_Select_2(bus_Selgct_6

.bus_Select_3(bus_Seléct 7
.broadcast_column_1_8bits_A(broadcast mnl2_32bits_A[31:24]),
.broadcast_column_2_8bits_A(broadcast mol2_32bits_A[23:16]),
.broadcast_column_3_8bits_A(broadcast mnl2_32bits_A[15:8]),
.broadcast_column_4 8bits_A(broadcast mnl2_32bits_A[7:0]),
.broadcast_column_1_8bits_B(broadcast nanl?_32bits B[31:24]),
.broadcast_column_2_8bits_B(broadcast nanl?_32bits B[23:16]),
.broadcast_column_3_8bits_B(broadcast nanl2_32bits B[15:8]),
.broadcast_column_4 8bits_B(broadcast nanl2_32bits_B[7:0]),
.PSAD_Out(B4x4_11_out)

);

four_by four_block B4x4 12 B (.clk(clk),

.reset(reset),

.enable(enable),

.update_ Row_O(update_Bldttw_4),

.update_ Row_1(update_Bldttaw _5),

.update_ Row_2(update_Bldttw_6),

.update_ Row_3(update_Bldotw_7),

.bus_Select O(bus_Select 4

.bus_Select_1(bus_Select 5

.bus_Select_2(bus_Selgct_6

.bus_Select_3(bus_Seléct 7
.broadcast_column_1_8bits_A(broadcast mnlB_32bits_A[31:24]),
.broadcast_column_2_8bits_A(broadcast mnlB3_32bits_A[23:16]),
.broadcast_column_3_8bits_A(broadcast mnlB8_32bits_A[15:8]),
.broadcast_column_4_8bits_A(broadcast molB3_32bits_A[7:0]),
.broadcast_column_1_8bits_B(broadcast nanl8 32bits B[31:24]),
.broadcast_column_2_8bits_B(broadcast nanl8 32bits B[23:16]),
.broadcast_column_3_8bits_B(broadcast nanl8_32bits B[15:8]),
.broadcast_column_4 8bits_B(broadcast nanlB_32bits B[7:0]),
.PSAD_Out(B4x4_ 12 out)

);

four_by four_block B4x4 13 B (.clk(clk),
.reset(reset),
.enable(enable),
.update_Row_O0(update_BIdotw_4),
.update_ Row_1(update_Bldttw _5),
.update_ Row_2(update_BIdttw_6),
.update_ Row_3(update_Bldttw_7),
.bus_Select O(bus_Select 4
.bus_Select_1(bus_Select 5
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.bus_Select_2(bus_Selgct_6

.bus_Select_3(bus_Seléct 7
.broadcast_column_1_8bits_A(broadcast molu#t_32bits_A[31:24]),
.broadcast_column_2_8bits_A(broadcast mnlwt_32bits_A[23:16]),
.broadcast_column_3_8bits_A(broadcast ol 32bits_ A[15:8]),
.broadcast_column_4 8bits_A(broadcast mnlwt_32bits_A[7:0]),
.broadcast_column_1_8bits_B(broadcast nanlut 32bits B[31:24]),
.broadcast_column_2_8bits_B(broadcast nanlut 32bits B[23:16]),
.broadcast_column_3_ 8bits_B(broadcast nanlyt 32bits B[15:8]),
.broadcast_column_4_8bits_B(broadcast nanl#t 32bits B[7:0]),
.PSAD_Out(B4x4_13 out)

);
T e T

four_by four_block B4x4 20 B (.clk(clk),

.reset(reset),

.enable(enable),

.update_ Row_O(update_BIdotw_8),

.update_ Row_1(update_Bldotw _9),

.update_ Row_2(update_Bldw _10),

.update_Row_3(update_Bldtw 11),

.bus_Select_0(bus_Select_8

.bus_Select_1(bus_Seléct 9

.bus_Select_2(bus_Seleait 1

.bus_Select_3(bus_Seleit 1
.broadcast_column_1_8bits_A(broadcast moolul_32bits_A[31:24]),
.broadcast_column_2_8bits_A(broadcast mnlul_32bits_A[23:16]),
.broadcast_column_3_8bits_A(broadcast mnlul_32bits_A[15:8]),
.broadcast_column_4_8bits_A(broadcast mnlul_32bits_A[7:0]),
.broadcast_column_1_8bits_B(broadcast nanlul_32bits B[31:24]),
.broadcast_column_2_8bits_B(broadcast nanlul_32bits B[23:16]),
.broadcast_column_3_ 8bits_B(broadcast nanlul_32bits B[15:8]),
.broadcast_column_4_8bits_B(broadcast nanlul_32bits_B[7:0]),
.PSAD_Out(B4x4_20)

);

four_by four_block B4x4 21 B (.clk(clk),

.reset(reset),

.enable(enable),

.update_ Row_O(update_BIdotw_8),

.update_Row_1(update_Bldow _9),

.update_ Row_2(update_Bldtw_10),

.update_ Row_3(update Bldtaw 11),

.bus_Select_0(bus_Select_8

.bus_Select_1(bus_Seléct 9

.bus_Select_2(bus_Selait 1

.bus_Select_3(bus_Seleit 1
.broadcast_column_1_8bits_A(broadcast mnl2_32bits_A[31:24]),
.broadcast_column_2_8bits_A(broadcast mol2_32bits_A[23:16]),
.broadcast_column_3_8bits_A(broadcast mnl2_32bits_A[15:8]),
.broadcast_column_4 8bits_A(broadcast mnl2_32bits_A[7:0]),
.broadcast_column_1_8bits_B(broadcast nanl?_32bits B[31:24]),
.broadcast_column_2_8bits_B(broadcast nanl?_32bits B[23:16]),
.broadcast_column_3 8bits_B(broadcast nanl2_32bits B[15:8]),
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.broadcast_column_4_8bits_B(broadcast nanll?_32bits_B[7:0]),
.PSAD_Out(B4x4_21)

);

four_by four_block B4x4 22 B (.clk(clk),

.reset(reset),

.enable(enable),

.update_ Row_O(update_BIdttw_8),

.update_Row_1(update_Bldoaw _9),

.update_Row_2(update_Bldtw _10),

.update_Row_3(update_Bldtw 11),

.bus_Select_0(bus_Select_8

.bus_Select_1(bus_Seléct 9

.bus_Select_2(bus_Seldit 1

.bus_Select_3(bus_Selelt 1
.broadcast_column_1_8bits_A(broadcast mnlB_32bits_A[31:24]),
.broadcast_column_2_8bits_A(broadcast mnlB_32bits_A[23:16]),
.broadcast_column_3_8bits_A(broadcast mnlB_32bits_A[15:8]),
.broadcast_column_4 8bits_A(broadcast mnlB_32bits_A[7:0]),
.broadcast_column_1_8bits_B(broadcast nanlB 32bits B[31:24]),
.broadcast_column_2_8bits_B(broadcast nanl8_32bits B[23:16]),
.broadcast_column_3_8bits_B(broadcast nanl8_32bits B[15:8]),
.broadcast_column_4_8bits_B(broadcast nanl8_32bits_B[7:0]),
.PSAD_Out(B4x4_22)

);

four_by four_block B4x4 23 B (.clk(clk),

.reset(reset),

.enable(enable),

.update_ Row_O(update_BIdotw_8),

.update_ Row_1(update_Bldttw _9),

.update_ Row_2(update_Bldw _10),

.update_Row_3(update_Bldtw 11),

.bus_Select_0(bus_Select_8

.bus_Select_1(bus_Seléct 9

.bus_Select_2(bus_Seleait 1

.bus_Select_3(bus_Selei}t 1
.broadcast_column_1_8bits_A(broadcast mol#t_32bits_A[31:24]),
.broadcast_column_2_8bits_A(broadcast mnlwt_32bits_A[23:16]),
.broadcast_column_3_8bits_A(broadcast ol 32bits_A[15:8]),
.broadcast_column_4 _8bits_A(broadcast mnlwt_32bits_A[7:0]),
.broadcast_column_1_8bits_B(broadcast nanlut 32bits B[31:24]),
.broadcast_column_2_8bits_B(broadcast nanlut 32bits B[23:16]),
.broadcast_column_3_8bits_B(broadcast nanlyl 32bits B[15:8]),
.broadcast_column_4_8bits_B(broadcast nanl#l 32bits B[7:0]),
.PSAD_Out(B4x4_23)

);
T e T T

four_by four_block B4x4 30 B (.clk(clk),
.reset(reset),
.enable(enable),
.update_ Row_O(update_Bldtw _12),
.update_ Row_1(update Bldtaw 13),
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.update_Row_2(update_Bldtaw _14),

.update_Row_3(update_Bldtw _15),

.bus_Select_0(bus_Selet}, 1

.bus_Select 1(bus_Sele};, 1

.bus_Select 2(bus_Selet}, 1

.bus_Select 3(bus_Seles), 1
.broadcast_column_1_8bits_A(broadcast mnlul_32bits_A[31:24]),
.broadcast_column_2_8bits_A(broadcast mnlul_32bits_A[23:16]),
.broadcast_column_3_8bits_A(broadcast mnlul_32bits_A[15:8]),
.broadcast_column_4_8bits_A(broadcast molul_32bits_A[7:0]),
.broadcast_column_1_8bits_B(broadcast nanlul_32bits B[31:24]),
.broadcast_column_2_8bits_B(broadcast nanlul_32bits B[23:16]),
.broadcast_column_3_8bits_B(broadcast nanld_32bits B[15:8]),
.broadcast_column_4_8bits_B(broadcast nanlul_32bits_B[7:0]),
.PSAD_Out(B4x4_30_out)

);

four_by four_block B4x4 31 B (.clk(clk),

.reset(reset),

.enable(enable),

.update_Row_O(update_Bldtaw _12),

.update_Row_1(update Bldtw _13),

.update_Row_2(update_Bldtw _14),

.update_Row_3(update_Bldtw _15),

.bus_Select_0(bus_Selet}, 1

.bus_Select_1(bus_Sel&} 1

.bus_Select 2(bus_Selet}, 1

.bus_Select 3(bus_Seles), 1
.broadcast_column_1_8bits_A(broadcast mnll2_32bits_A[31:24]),
.broadcast_column_2_8bits_A(broadcast mnl2_32bits_A[23:16]),
.broadcast_column_3_8bits_A(broadcast mnl2_32bits_A[15:8]),
.broadcast_column_4_8bits_A(broadcast mnl2_32bits_A[7:0]),
.broadcast_column_1_8bits_B(broadcast nanll?_32bits B[31:24]),
.broadcast_column_2_8bits_B(broadcast nanll?_32bits B[23:16]),
.broadcast_column_3_8bits_B(broadcast nanl?_32bits B[15:8]),
.broadcast_column_4_8bits_B(broadcast nanll?_32bits_B[7:0]),
.PSAD_Out(B4x4_31_out)

);

four_by four_block B4x4 32 B (.clk(clk),

.reset(reset),

.enable(enable),

.update_ Row_O(update_Bldttw _12),

.update_Row_1(update Bldtw 13),

.update_Row_2(update_Bldtaw _14),

.update_Row_3(update_Bldtw _15),

.bus_Select_0(bus_Selet}, 1

.bus_Select_1(bus_Sel&} 1

.bus_Select_2(bus_Selet}, 1

.bus_Select 3(bus_Seles), 1
.broadcast_column_1_8bits_A(broadcast mnlB_32bits_A[31:24]),
.broadcast_column_2_8bits_A(broadcast mnlB_32bits_A[23:16]),
.broadcast_column_3_8bits_A(broadcast mnlB_32bits_A[15:8]),
.broadcast_column_4 8bits_A(broadcast mnlB_32bits_A[7:0]),

123



7.1 Verilog Code Files

.broadcast_column_1_8bits_B(broadcast nanl8_32bits B[31:24]),
.broadcast_column_2_8bits_B(broadcast nanl8_32bits B[23:16]),
.broadcast_column_3_8bits_B(broadcast nanl8_32bits B[15:8]),
.broadcast_column_4 8bits_B(broadcast nanlB 32bits_B[7:0]),
.PSAD_Out(B4x4_32_out)

);

four_by four_block B4x4 33 B (.clk(clk),

.reset(reset),

.enable(enable),

.update_Row_O(update_Bldtw _12),

.update_Row_1(update Bldtw _13),

.update_Row_2(update_Bldtw _14),

.update_Row_3(update_Bldtaw _15),

.bus_Select_0(bus_Selet}, 1

.bus_Select 1(bus_Sel&};, 1

.bus_Select 2(bus_Selet}, 1

.bus_Select 3(bus_Seles), 1
.broadcast_column_1_8bits_A(broadcast mnlwt_32bits_A[31:24]),
.broadcast_column_2_8bits_A(broadcast mnlwt_32bits_A[23:16]),
.broadcast_column_3_8bits_A(broadcast molut_32bits_A[15:8]),
.broadcast_column_4_8bits_A(broadcast molu#t_32bits_A[7:0]),
.broadcast_column_1_8bits_B(broadcast nanl#l 32bits B[31:24]),
.broadcast_column_2_8bits_B(broadcast nanlyl 32bits B[23:16]),
.broadcast_column_3_8bits_B(broadcast nanlyl 32bits B[15:8]),
.broadcast_column_4_8bits_B(broadcast nanl#l 32bits_B[7:0]),
.PSAD_Out(B4x4_ 33 out)

);
/I The 8 4-stage Delay Lines:

four_stage_delay line B4x4_00_delay (.clk(clk),

.reset(reset),

.enable(enable),

.input_13 bits(B4x4_00),
.output_13_bits(B4x4_00_out)
);

four_stage_delay_line B4x4_ 01 _delay (.clk(clk),

.reset(reset),

.enable(enable),

.input_13 bits(B4x4_01),
.output_13_bits(B4x4_ 01 out)
);

four_stage_delay_line B4x4_02_delay (.clk(clk),

.reset(reset),

.enable(enable),

.input_13 bits(B4x4_02),
.output_13_bits(B4x4_02_out)
);

four_stage_delay_line B4x4_03_delay (.clk(clk),
.reset(reset),
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.enable(enable),
.input_13 bits(B4x4_03),
.output_13_bits(B4x4_03_out)

four_stage_delay_line B4x4_20_delay (.clk(clk),

.reset(reset),

.enable(enable),

.input_13 bits(B4x4_20),
.output_13_bits(B4x4_20_out)
);

four_stage_delay_line B4x4_21 delay (.clk(clk),

.reset(reset),

.enable(enable),

.input_13 bits(B4x4_21),
.output_13_bits(B4x4_ 21 out)
);

four_stage_delay line B4x4 22 delay (.clk(clk),

.reset(reset),

.enable(enable),

input_13 bits(B4x4_22),
.output_13_bits(B4x4_22_out)
)i

four_stage_delay line B4x4 23 delay (.clk(clk),

.reset(reset),

.enable(enable),

.input_13 bits(B4x4_23),
.output_13_bits(B4x4_23_out)
);

/I The 2 8-stage Delay Lines:

eight_stage_delay_line B8x8_00_delay (.clk(clk),

.reset(reset),

.enable(enable),

.input_15 bits(B8x8_00_out),
.output_15 bits(B8x8 00_delayed)
)i

eight_stage delay_line B8x8_01_delay (.clk(clk),

.reset(reset),

.enable(enable),

.input_15 bits(B8x8_01_out),
.output_15_bits(B8x8_01_delayed)
)i

[[-==mmmmmmmee- Implementation 1l

/*

/I The 8 4x8 SAD outputs

assign B4x8_00_out = {1'b0,B4x4_ 10 out} + {1'b0,B400_out};
assign B4x8_01 out = {1'b0,B4x4 11 out} + {1'b0,B401 out};
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assign B4x8_02_out = {1'b0,B4x4_12_out} + {1'b0,B402_out};
assign B4x8_03_out = {1'b0,B4x4_13_out} + {1'b0,B403_out};

assign B4x8_10_ out = {1'b0,B4x4_30_out} + {1'b0,B420 out};
assign B4x8_11 out = {1'b0,B4x4 31 out} + {1'b0,B421 out};
assign B4x8_12 out = {1'b0,B4x4_32_out} + {1'b0,B422 out};
assign B4x8_13 out = {1'b0,B4x4_33_out} + {1'b0,B423 out};

/I The 8 8x4 SAD outputs

assign B8x4_00_out = {1'b0,B4x4_00_out} + {1'b0,B401 out};
assign B8x4_01_out = {1'b0,B4x4_02_out} + {1'b0,B403_out};
assign B8x4_10_out = {1'b0,B4x4_10_out} + {1'b0,B441 out};
assign B8x4_11 out = {1'b0,B4x4_12_out} + {1'b0,B443_out};

assign B8x4_20_out = {1'b0,B4x4_20_out} + {1'b0,B421 out};
assign B8x4_ 21 out = {1'b0,B4x4 22 out} + {1'b0,B423 out};
assign B8x4_ 30 out = {1'b0,B4x4_30_out} + {1'b0,B481 out};
assign B8x4_31 out = {1'b0,B4x4_32_out} + {1'b0,B483_out};

/I The 4 8x8 SAD outputs

assign B8x8_00_out = {1'b0,B8x4_00_out} + {1'b0,B840_out};
assign B8x8_01_out = {1'b0,B8x4_01_out} + {1'b0,B841 out};
assign B8x8_10_out = {1'b0,B8x4_20_out} + {1'b0,B880_out};
assign B8x8_11 out = {1'b0,B8x4_21 out} + {1'b0,B881 out};

/l The 2 8x16 SAD outputs
assign B8x16_0 out ={1'h0,B8x8 10 out} + {1 BBx8 00 delayed};
assign B8x16_1 out = {1'h0,B8x8 01 delayed} + {1B8x8 11 out};

/l The 2 16x8 SAD outputs
assign B16x8_ 0 out = {1'b0,B8x8_00_out} + {1'b0,B801 out};
assign B16x8_1 out = {1'b0,B8x8 10 out} + {1'b0,B841 out};

/[ The 1 16x16 SAD output
assign B16x16_out = {1'b0,B8x16_0_out} + {1'b0,B8x1_out};

endmodule
*/

=== Implementation 1l

/I The 8 4x8 SAD outputs
always @(posedge clk) begin

if (reset) B4x8_00_out <= 0;

else if (enable) B4x8_00_out <= {1'b0,B4x4_10_ott§1'b0,B4x4_00_out};
end
always @(posedge clk) begin

if (reset) B4x8_01_out <=0;

else if (enable) B4x8_01_out <= {1'b0,B4x4 11 ott§1'b0,B4x4 01_out};
end
always @(posedge clk) begin

if  (reset) B4x8 02 out <= 0;

else if (enable) B4x8 02 _out <= {1'b0,B4x4 12 otf§1'b0,B4x4 02 out};
end
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always @(posedge clk) begin

if (reset) B4x8_03_out <=0;

else if (enable) B4x8_03_out <= {1'b0,B4x4_13 ott§1'b0,B4x4 03 out};
end
always @(posedge clk) begin

if  (reset) B4x8 10 out <=0;

else if (enable) B4x8 10 out <= {1'b0,B4x4 30 _otf§1'b0,B4x4 20 out};
end
always @(posedge clk) begin

if (reset) B4x8_11 out <=0;

else if (enable) B4x8_11 out <= {1'b0,B4x4 31 ott§1'b0,B4x4 21 out};
end
always @(posedge clk) begin

if (reset) B4x8_12 out <=0;

else if (enable) B4x8_12_ out <= {1'b0,B4x4_32_ott§1'b0,B4x4 22 out};
end
always @(posedge clk) begin

if (reset) B4x8 13 out <=0;

else if (enable) B4x8 13 out <= {1'b0,B4x4 33 otf§1'b0,B4x4 23 out};
end

/I The 8 8x4 SAD outputs
always @(posedge clk) begin

if (reset) B8x4_00_out <= 0;

else if (enable) B8x4_00_out <= {1'b0,B4x4_00_ott§1'b0,B4x4 01_out};
end
always @(posedge clk) begin

if  (reset) B8x4 01 out <=0;

else if (enable) B8x4 01 out <= {1'b0,B4x4 02_otf§1'b0,B4x4 03 out};
end
always @(posedge clk) begin

if  (reset) B8x4 10 out <=0;

else if (enable) B8x4_10 out <= {1'b0,B4x4_10_ ott§1'b0,B4x4 11 out};
end
always @(posedge clk) begin

if (reset) B8x4_11 out <=0;

else if (enable) B8x4_11 out <= {1'b0,B4x4_12 ott§1'b0,B4x4 13 out};
end
always @(posedge clk) begin

if  (reset) B8x4 20 out <=0;

else if (enable) B8x4 20 out <= {1'b0,B4x4 20 otf§1'b0,B4x4 21 out};
end
always @(posedge clk) begin

if (reset) B8x4_21 out <=0;

else if (enable) B8x4_21 out <= {1'b0,B4x4 22 ott§1'b0,B4x4 23 out};
end
always @(posedge clk) begin

if (reset) B8x4_30_out <=0;

else if (enable) B8x4_30_out <= {1'b0,B4x4_30_ott§1'b0,B4x4 31 out};
end
always @(posedge clk) begin

if (reset) B8x4 31 out<=0;

else if (enable) B8x4 31 out <= {1'b0,B4x4 32 otf§1'b0,B4x4 33 out};
end
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/I The 4 8x8 SAD outputs
always @(posedge clk) begin

if  (reset) B8x8 00 out <=0;

else if (enable) B8x8 00 out <= {1'b0,B8x4 00 _otf§1'b0,B8x4 10 out};
end
always @(posedge clk) begin

if (reset) B8x8 01 out <=0;

else if (enable) B8x8 01 out <= {1'b0,B8x4 01 otf§1'b0,B8x4 11 out};
end
always @(posedge clk) begin

if (reset) B8x8_10_out <=0;

else if (enable) B8x8_10_ out <= {1'b0,B8x4_20_ott§1'b0,B8x4_30_out};
end
always @(posedge clk) begin

if (reset) B8x8 11 out <=0;

else if (enable) B8x8 11 out <= {1'b0,B8x4 21 otf§1'b0,B8x4 31 out};
end

/l The 2 8x16 SAD outputs
always @(posedge clk) begin

if (reset) B8x16_0_out <=0;

else if (enable) B8x16_0_out <= {1'b0,B8x8_10_ot1'n0,B8x8 00_delayed};
end
always @(posedge clk) begin

if (reset) B8x16_1 out <=0;

else if (enable) B8x16_1 out <= {1'b0,B8x8 01 gle#} + {1'b0,B8x8 11 out};
end

/I The 2 16x8 SAD outputs
always @(posedge clk) begin

if (reset) B16x8 0 out <=0;

else if (enable) B16x8_0_out <= {1'b0,B8x8 00_ott§1'b0,B8x8 01_out};
end
always @(posedge clk) begin

if (reset) B16x8_1 out <=0;

else if (enable) B16x8_1 out <= {1'b0,B8x8 10 ott§1'b0,B8x8 11 out};
end

/l The 1 16x16 SAD output
always @(posedge clk) begin
if  (reset) B16x16_out <= 0;
else if (enable) B16x16_out <= {1'00,B8x16_0_ ott}1'b0,B8x16_1 out};
end
endmodule
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/*************************************/

/* SINGLE PORT BLOCK RAM 30 */
/* Theepan Moorthy *
/* Ryerson University */
/* Date : February, 2008 */
/ HRRRRRR ARk ikl

/ AR ARk wxkkk|

I* */

* clk----|>CLK | *

I* [--=-mmmm e [ */

[* we-->|WE | */

/* di-->|DataW  DataR |-->do *
* a->|@R_W [ */

I* [ | *

/**********************************/

/IOnly XST supports RAM inference
/linfers Single Port Block Ram

module spblockram_30 (clk, //input

we, nfut
a, /linput
di, nfut

do /loutput
);

[es+x PARAMETERS **%+%/

parameter PIXEL_ROWS = 30;
parameter RAM_DATA_WIDTH =128;
parameter RAM_SIZE XBEL_ROWS;

parameter RAM_ADDRESS WIDTH =5;//0 to 30 aakires

[k INPUT AND OUTPUT PORTS  **¥**¥/
input clk;

input we;

input [RAM_ADDRESS_WIDTH-1:0] a;

input [RAM_DATA_WIDTH-1:0] di;
output [RAM_DATA_WIDTH-1:0] do;
[¥**% INTERNAL VARIABLES *****/

reg [RAM_DATA_WIDTH-1:0] ram [RAM_SIZE-1:0];
reg [RAM_ADDRESS_WIDTH-1:0] read_a;
/************ PROG RAM ***********/

assign do = ram[read_a];

always @(posedge clk) begin
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if (we) ram[a] <= di;
read a<=a;
end

endmodule
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/*************************************/

/* SINGLE PORT BLOCK RAM 66 */
/* Theepan Moorthy */
/* Ryerson University */
/* Date : February, 2008 */
/ ok kkokkokokokokokk Hekkkekok |

/ ok kkokkokokokokokk k|

I* */

* clk----|>CLK | */

I* [--==mmm e [ */

[* we-->|WE | */

/* di-->|DataW  DataR |-->do *
* a-->|@R_W | */

I* [ | */

/ kkkkokokkokokekokokk ok |

/IOnly XST supports RAM inference
/linfers Single Port Block Ram

module spblockram_66 (clk, //input

we, nfiut
a, /linput
di, nfut

do /loutput
);

[os+x PARAMETERS **++%/

parameter PIXEL_ROWS = 66;
parameter RAM_DATA_WIDTH =128;
parameter RAM_SIZE XEBL_ROWS;

parameter RAM_ADDRESS WIDTH =7;//0 to 65 azkires

[k INPUT AND OUTPUT PORTS  **¥**¥/

input clk;

input we;

input [RAM_ADDRESS_WIDTH-1:0] a;

input [RAM_DATA_WIDTH-1:0] dj;

output [RAM_DATA_WIDTH-1:0] do;

[¥*%% INTERNAL VARIABLES *****/

reg [RAM_DATA_WIDTH-1:0] ram [RAM_SIZE-1:0];
reg [RAM_ADDRESS_WIDTH-1:0] read_a;

/************ PROG RAM ***********/

assign do = ram[read_a];
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always @(posedge clk) begin
if (we) ram[a] <= di;
read_a <= a;

end

endmodule
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/*************************************/

/* On Chip Memory Unit *
/* Theepan Moorthy */
/* Ryerson University */
/* Date : February, 2008 */
/ ok kkokkokokokokokk ekkkkkok |

/I This module integrates two 66-depth single paemory blocks and
/I two 30-depth single port memory blocks to creasingle memory unit
/I (consisting of both the A & B memory partitions)

module on_chip_mem (

/[control inputs
clk,
reset,
enable,
write_enable,
address, // 6-bits (i.e. 0 to 47 seaiighlpows)
read_Buf_Counter,
toggle,
load_top,

read LO L1,
read L1 L2,
read L2 L3,

I/l Input Bus
dataln_32_Bytes,

// Output Buses

dataOut_31 Bytes A,

dataOut_31 Bytes B

)i

[eessss INPUT AND OUTPUT PORTS e/

input clk, reset, enable;

input write_enable;

input [5:0] address;

input [6:0] read_Buf_Counter;
input toggle;

input load_top;

input read_LO_L1;
inputread_L1 L2;
input read_L2_L3;

input  [255:0] dataln_32_Bytes;
output reg [247:0] dataOut_31_Bytes A;
output reg [247:0] dataOut_31_Bytes B;

[ INTERNAL VARIABLES *****/
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wire we_mem_A,
wire we_mem_B;

reg [6:0] mem_1_A address;
reg [6:0] mem_2_ A address;
reg [4:0] mem_1 B _address;
reg [4:0] mem_2_ B_address;

wire [127:0l mem_1_A out;
wire [127:0] mem_2_A_out;
wire [127:0 mem_1_B_out;
wire [127:0] mem_2_B_out;

reg [5:0] partition_A_Counter;
reg [5:0] nxt_partition_A_Counter;
reg [3:0] partition_B_Counter;
reg [3:0] nxt_partition_B_Counter;

/***************l M P LEM E NTAT I ON *%% * *%k%k *% *************/

assign we_mem_A = (write_enable && (address<33))1 : 1'b0;// the we signals are asserted/daadse
assign we_mem_B = (write_enable && (!(address<33))p1 : 1'b0;// one cycle ahead so that theyetrarsd ac-
tive before

/l the actual pos edge at which they'ciired

[[-=-mmmmmm-- Memory Blocks' Output Muxing 1l

always @(*) begin
if
( (read_L1_L2)&&(address!=33))

( (read_L2_L3)&&(address==18))

dataOut_31 Bytes A={mem_2_A outmem_1 A out[@B7
else dataOut_31_Bytes A ={mem_1 A out,mem_2_ A1Qut8]};
end
always @(*) begin
/fif ((read_L2_L3)&&(address>18)&&(read_Buf Countd 00)) dataOut_31_Bytes B =
{mem_2 B out,mem_1 B out[127:8]};
if (read_L2_L3)&&(address>18)) dataOut_31 Bytess Bnem_2 B out,mem_1 B out[127:8]};
else dataOut_31 Bytes B={mem_1 B out,mem_2uB127:8]};
end

[[-=-mmmemm-- Address Assignments for the memd@ipcks /l

always @(*) begin
if ((we_mem_A)&&(load_top))||('read_LO _L1)) mem_A_address = partition_A_Counter + 33;
else mem_1_A_ address = partition_A_Cewnt

end

always @(*) begin
if ((we_mem_A)&&(load_top))||(read_L2_L3)) mem R address = partition_A_ Counter + 33;
else mem_2_ A address = partition_A_Caunte

end

always @(*) begin
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if ((we_mem_B)&&(load_top))||(read_L2_L3)) mem B _address = partition_B_Counter + 15;
else mem_1 B_address = partition_B_Caunte
end
always @(*) begin
if (
( (we_mem_B)&&(load_top) )
Il
((read_L2_ L3)&&(address<18))
)
mem_2_B_address = partition_B_Counter + 15;
else mem_2_B_address = partition_B_Counter;
end

[[-=-mmmemm-- Address Counters for the memory Blts //

always @(posedge clk) begin
if (reset) partition_A_Counter <= 63; // 63 is ds® that the address rolls
I/l over to 0 when enable goes high
else partition_A_Counter <= nxt_partition Gounter;
end
always @(*) begin
if (lenable) nxt_partition_A_Counter = 63;
else
if ( (partition_A_Counter==32)

(write_enable&&(address==0))

|
(read_Buf_Counter==114)

|
toggle

)
nxt_partition_A_Counter = 0;
else nxt_partition_A_Counter = partition_A_ Countel;
end
always @(posedge clk) begin
if (reset) partition_B_Counter <= 15;
else partition_B_Counter <= nxt_partition @unter;
end
always @(*) begin
if (lenable) nxt_partition_B_Counter = 15;
else
if ( (partition_B_Counter==14)
I
(partition_A_Counter==32)
|
(read_Buf_Counter==114)
)
nxt_partition_B_Counter = 0O;
else nxt_partition_B_Counter = partition_B_Countel,;
end

e Instantiations Il

spblockram_66 mem_1_A (.clk(clk),
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.we(we_mem_A),
.a(mem_1_A_ address),

.di(dataln_32_Bytes[255:128]
.do(mem_1_A out)

);

spblockram_66 mem_2_A (.clk(clk),
.we(we_mem_A),
.a(mem_2_ A address),
.di(dataln_32_Bytes[127:0]),
.do(mem_2_A_ out)

);

spblockram_30 mem_1_B (.clk(clk),
.we(we_mem_B),
.a(mem_1_ B _address),
.di(dataln_32_Bytes[255:1)28]
.do(mem_1_B_out)

);

spblockram_30 mem_2_B (.clk(clk),
.we(we_mem_B),
.a(mem_2_B_address),
.di(dataln_32_Bytes[127:0]),
.do(mem_2_B_out)

);

endmodule
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/*************************************/

/* Dual Buffer Unit */
/* Theepan Moorthy */
/* Ryerson University */
/* Date : February, 2008 */
/ ok kkokkokokokokokk ekkkkkok |

/I This module integrates two Memory Modules tavica Double Buffer

module dual_buffer (
/[control inputs
clk,
reset,
enable,
address, // 6-bits (i.e. 0 to 47 seaiigblpows)
read_Buffer_1,
// Input Bus
dataln_32_Bytes,
/I Output Buses
dataOut_31 Bytes A,
dataOut_31 Bytes B
);

[eessss INPUT AND OUTPUT PORTS ke

input clk, reset, enable;

input [5:0] address;

input read_Buffer_1;

input  [255:0] dataln_32_Bytes;
output reg [247:0] dataOut_31_Bytes A;
output reg [247:0] dataOut_31_Bytes B;

[¥**xx INTERNAL VARIABLES *****/

/lwire enable_B1;
/lwire enable_B2;
wire we_B1;

wire we_B2;

wire load_top;

wire read_LO L1;
wire read L1 L2;
wire read_L2 L3;

reg [6:0] read_Buff_Counter;
reg [6:0] nxt_read_Buff_Counter;

reg last_read;
wire toggle;

wire [247:0] B1_Out_A;
wire [247:0] B1_Out_B;
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wire [247:0] B2_Out_A;
wire [247:0] B2_Out_B;

/' *k%k * x| M P LE M E NTAT | O N *kkkhkhhkhhkhkkix ****************/

/lassign enable_B1 = ((Iread_Buffer_1) && (read_B@ounter<96)) ? 1'b1 : 1'b0;
/lassign enable_B2 = ( read_Buffer_1 && (read fBGbunter<96)) ? 1'bl : 1'b0;
assign we_B1 = ((Iread_Buffer_1) && (read_Buff Ctemx96)) ? 1'b1 : 1'b0;
assign we_B2 = ( read_Buffer_1 && (read_Buff_Ctarr96)) ? 1'b1 : 1'b0;

assignread_LO_L1 = (read_Buff_Counter<33) ? 1'bh0;

assignread L1 L2 =((read_LO_L1) && (read_Buff Ber<66)) ? 1'b1 : 1'b0;
assignread_L2 L3 = (!(read_Buff_Counterg&b1'bl : 1'b0;
assign load_top = (!(read_Buff_Counter<48)) ? 1'’b0;

S —— Output Muxing I

always @(*) begin
if (read_Buffer_1) dataOut_31_Bytes_A =B1_Out_A,
else dataOut_31 Bytes A =B2 Out_ A,

end

always @(*) begin
if (read_Buffer_1) dataOut_31_Bytes B = B1_Out_B;
else dataOut_31 Bytes B =B2_Out_B;

end

always @(posedge clk) begin
if (reset) read_Buff_Counter <= 127,
else read Buff Counter <= nxt_read_Buff_Qetn
end
always @(*) begin
if (lenable) nxt_read_Buff _Counter = 127,
else
if ( (read_Buff_Counter==114) || toggle)
/l(((read_Buffer_l1==last_read)))
nxt_read_Buff_Counter = 0;
else nxt_read_Buff_Counter = read_Buff_Countér, +
end

always @(posedge clk) begin
if (reset) last_read <= 0;
else last_read <= read_Buffer_1;
end
assign toggle = (/(read_Buffer_1==last_read)) D1 :

e Instantiations Il

on_chip_mem buff_1 (.clk(clk),
reset(reset),
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.enable(enable),
.write_enable(we_B1),
.address(address),
.read_Buf_Counter(read_Buff_Counter),
.toggle(toggle),

Jload_top(load_top),

sread LO Li(read LO L1),

read L1 L2(read L1 L2),

read L2 L3(read_L2 L3),
.dataln_32_Bytes(dataln_32_Bytes),
.dataOut_31_Bytes A(B1_Out_A),
.dataOut_31_Bytes B(B1_Out_B)

);

on_chip_mem buff_2 (.clk(clk),

reset(reset),

.enable(enable),
.write_enable(we_B2),
.address(address),
.read_Buf_Counter(read_Buff_Counter),
.toggle(toggle),

Joad_top(load_top),
.read_LO_L1(read_LO _L1),
read_L1 L2(read_L1 L2),
read_L2 L3(read_L2_L3),
.dataln_32_Bytes(dataln_32_Bytes),
.dataOut_31 Bytes A(B2_Out_A),
.dataOut_31 Bytes B(B2_Out_B)
)i

endmodule
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/***********************

* Theepan Moorthy *

* Ryerson University *

* Copyright July 2007 *

*test PE_AD.v *
ek koot |

/I This Module is used as a Test Bench for the AE nfodule

module test PE_AD;

[exrs PARAMETERS *++xx%]

parameter CLKPERIOD = 2;

reg clk, reset, enable;
reg [7:0] Cur_Pel;
reg [7:0] Ref_Pel;

wire [7:0] AD;

integer Cur_Luminance;
integer Ref_Luminance;

PE_AD DUT (.clk(clk),
.reset(reset),
.enable(enable),
.C(Cur_Pel),
.R(Ref_Pel),

.AD(AD)

)i

initial begin
end
[¥**** CLOCK GENERATION ******[
initial
begin
clk = 1'b0;
end

always #(CLKPERIOD/2) clk = ~clk;

[¥*** THIS TASK CREATES A POSITIVE RESET FOR n CLOK CYCLES *****/
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task reset_for_n_clocks;

input [7:0] number_of resets;

begin
@(posedge clk);
reset = 1'bl; //activates the positive regptas
repeat(number_of resets) @(posedge clk);
reset=1'b0; /lIremove the reset

end

endtask

[x**x*x THIS TASK CREATES A DELAY FOR n CLOCK CYCLES*****/
task delay _for_n_clocks;
input [15:0] number_of clock_delays;
begin
repeat(number_of clock delays) @(posedge clk);
end
endtask

[F**** THIS TASK INITIALIZES THE FOLLOWING INPUT SI GNALS *****/
task init_inputs;
begin

clk =0;

reset = 0;

enable = 0;

Cur_Pel =0;
Ref _Pel = 0;
end
endtask

/****** RUN THE TEST ******/
initial
begin
init_inputs;
reset_for_n_clocks(4);
delay for_n_clocks(2);
enable = 1'b1;
@(posedge clk);
for(Cur_Luminance=0; Cur_Luminance<256; Cur_Lumice= Cur_Luminance + 1) begin
Cur_Pel = Cur_Luminance;
for(Ref_Luminance=0; Ref_Luminance<256; Ref_ Luamice= Ref Luminance + 1) begin
Ref Pel = Ref_Luminance;
@ (posedge clk);
end //ends Ref_Luminance for loop
end //ends Cur_Luminance for loop

end

endmodule
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/***********************

* Theepan Moorthy *
* Ryerson University *
* Copyright July 2007 *
*test Row_Adder_0.v *

* * *% l\n/

/I This Module is used as a Test Bench for the Risdider 0 module

module test Row_Adder_0;

[errs PARAMETERS *#+xx%]

parameter CLKPERIOD = 2;

reg clk, reset, enable;
reg [7:0] Cur_Pel_1,;
reg [7:0] Cur_Pel_2;
reg [7:0] Cur_Pel_3;
reg [7:0] Cur_Pel_4;
reg [7:0] Ref _Pel_1;
reg [7:0] Ref _Pel 2;
reg [7:0] Ref _Pel_3;
reg [7:0] Ref _Pel 4;

wire [9:0] Partial_SAD;

integer Cur_Luminance;
integer Ref_Luminance;

Row_Adder_0 DUT (.clk(clk),
.reset(reset),
.enable(enable),
.C1(Cur_Pel_1),
.C2(Cur_Pel_2),
.C3(Cur_Pel_3),
.C4(Cur_Pel_4),
.R1(Ref_Pel_1),
.R2(Ref_Pel_2),
.R3(Ref_Pel_3),
.R4(Ref_Pel_4),

.Partial_SAD(Partial_SAD)

)i
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initial begin
end

[¥**%% CLOCK GENERATION ***x*x/
initial
begin
clk = 1'b0;
end

always #(CLKPERIOD/2) clk = ~clk;

[¥**x*x THIS TASK CREATES A POSITIVE RESET FOR n CLOK CYCLES *****/
task reset_for_n_clocks;
input [7:0] number_of resets;
begin
@(posedge clk);
reset = 1'bl; //activates the positive regptad
repeat(number_of resets) @(posedge clk);
reset=1'n0; /Iremove the reset
end
endtask

[***** THIS TASK CREATES A DELAY FOR n CLOCK CYCLES*****/
task delay for_n_clocks;
input [15:0] number_of clock delays;
begin
repeat(number_of clock delays) @(posedge clk);
end
endtask

[¥*** THIS TASK INITIALIZES THE FOLLOWING INPUT SI GNALS *****/
task init_inputs;
begin

clk =0;

reset = 0;

enable = 0;

©cooooooo

end
endtask

[esex . RUN THE TEST #oe/
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initial
begin
init_inputs;
reset_for_n_clocks(4);
delay_for_n_clocks(2);
enable = 1'b1;
for(Cur_Luminance=0; Cur_Luminance<256; Cur_Lumice= Cur_Luminance + 1) begin
Cur_Pel_1 = Cur_Luminance;
Cur_Pel_2 = Cur_Luminance;
Cur_Pel_3 = Cur_Luminance;
Cur_Pel_4 = Cur_Luminance;
for(Ref_Luminance=0; Ref_Luminance<256; Ref_ Luamice= Ref Luminance + 1) begin
Ref Pel 1 = Ref Luminance;
Ref Pel 2 = Ref _Luminance;
Ref Pel 3 = Ref _Luminance;
Ref Pel 4 = Ref _Luminance;
@ (posedge clk);
end //ends Ref_Luminance for loop
end //ends Cur_Luminance for loop

end

endmodule
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/***************************

* Theepan Moorthy *
* Ryerson University *
* Copyright July 2007 *

*test Row_Adder 1 CSAv *

*% *kkk ;m/

/I This Module is used as a Test Bench for the Redder 1 CSA module

module test Row_Adder_1 CSA,;

[errs PARAMETERS *#+xx%]

parameter CLKPERIOD = 2;

reg clk, reset, enable;
reg [7:0] Cur_Pel_1;
reg [7:0] Cur_Pel_2;
reg [7:0] Cur_Pel_3;
reg [7:0] Cur_Pel_4;
reg [7:0] Ref_Pel_1;
reg [7:0] Ref_Pel _2;
reg [7:0] Ref_Pel_3;
reg [7:0] Ref_Pel _4;
reg [9:0] P_SAD_0;

wire [10:0] P_SAD _1;

integer Cur_Luminance;
integer Ref_Luminance;

Row_Adder_1 CSA DUT (.clk(clk),
.reset(reset),
.enable(enable),
.update_Cur_MB(1'b1),
.C1(Cur_Pel_1),
.C2(Cur_Pel_2),
.C3(Cur_Pel_3),
.C4(Cur_Pel_4),
.R1(Ref _Pel 1),
.R2(Ref_Pel_2),
.R3(Ref_Pel_3),
.R4(Ref_Pel_4),
.PSAD_O(P_SAD_0),
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PSAD_1(P_SAD_1)
);

initial begin
end

[***** CLOCK GENERATION ****x%/
initial
begin
clk = 1'b0;
end

always #(CLKPERIOD/2) clk = ~clk;

[¥*** THIS TASK CREATES A POSITIVE RESET FOR n CLOK CYCLES *****/
task reset_for_n_clocks;
input [7:0] number_of resets;
begin
@(posedge clk);
reset = 1'bl; //activates the positive reigptad
repeat(number_of resets) @(posedge clk);
reset=1'b0; /Iremove the reset
end
endtask

[+ THIS TASK CREATES A DELAY FOR n CLOCK CYCLES*****/
task delay for_n_clocks;
input [15:0] number_of clock delays;
begin
repeat(number_of clock_delays) @(posedge clk);
end
endtask

[***** THIS TASK INITIALIZES THE FOLLOWING INPUT SI GNALS *****/
task init_inputs;

begin
ck =0;
reset =0;
enable = 0;

Cur_Pel 1 = 149;
Cur_Pel 2 =122;
Cur_Pel 3=289;
Cur_Pel 4 =228;
Ref Pel 1 =23;
Ref Pel 2 =92;
Ref Pel 3 =37;
Ref Pel 4 =42;
P_SAD_0 =425;
end
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endtask

/****** RUN THE TEST ******/
initial
begin
init_inputs;
reset_for_n_clocks(4);
delay_for_n_clocks(2);
enable = 1'b1;
for(Cur_Luminance=0; Cur_Luminance<256; Cur_Lumice= Cur_Luminance + 1) begin
Cur_Pel 1 = Cur_Luminance;
Cur_Pel 2 = Cur_Luminance;
Cur_Pel_3 = Cur_Luminance;
Cur_Pel_4 = Cur_Luminance;
for(Ref_Luminance=0; Ref_Luminance<256; Ref_ Luamice= Ref Luminance + 1) begin
Ref Pel 1 = Ref Luminance;
Ref Pel 2 = Ref Luminance;
Ref Pel 3 = Ref Luminance;
Ref Pel 4 = Ref _Luminance;
@ (posedge clk);
end //ends Ref_Luminance for loop
end //ends Cur_Luminance for loop

end
endmodule
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/***************************

* Theepan Moorthy

* Ryerson University

* Copyright July 2007

*test Row_Adder_2 CSA.v

*% *kkk ;m/

I R

/I This Module is used as a Test Bench for the Riedder 2 CSA module

module test Row_Adder_2 CSA,;

[errs PARAMETERS *#+xx%]

parameter CLKPERIOD = 2;

reg clk, reset, enable;
reg [7:0] Cur_Pel_1;
reg [7:0] Cur_Pel_2;
reg [7:0] Cur_Pel_3;
reg [7:0] Cur_Pel_4;
reg [7:0] Ref _Pel_1;
reg [7:0] Ref _Pel 2;
reg [7:0] Ref Pel_3;
reg [7:0] Ref _Pel 4;
reg [10:0] P_SAD_1;

wire [11:0] P_SAD_2;

integer Cur_Luminance_1;
integer Cur_Luminance_2;
integer Cur_Luminance_3;
integer Cur_Luminance_4;
integer Ref_Luminance_1;
integer Ref_Luminance_2;
integer Ref_Luminance_3;
integer Ref_Luminance_4;
integer P_SAD_1 Value;

integer AB_1;
integer AB_2;
integer AB_3;
integer AB_4;
reg [11:0] Addition_Compare;

Row_Adder_2 CSA DUT (.clk(clk),
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.reset(reset),
.enable(enable),
.C1(Cur_Pel_1),
.C2(Cur_Pel_2),
.C3(Cur_Pel_3),
.C4(Cur_Pel_4),
.R1(Ref_Pel 1),
.R2(Ref_Pel_2),
.R3(Ref_Pel _3),
.R4(Ref_Pel_4),
.P_SAD_1(P_SAD_1),
.P_SAD_2(P_SAD_2)
);

[¥***%% CLOCK GENERATION ***x*x/
initial
begin
clk = 1'b0;
end

always #(CLKPERIOD/2) clk = ~clk;

[***x*x THIS TASK CREATES A POSITIVE RESET FOR n CLOK CYCLES *****/
task reset_for_n_clocks;
input [7:0] number_of resets;
begin
@(posedge clk);
reset = 1'bl; //activates the positive regptad
repeat(number_of resets) @(posedge clk);
reset=1'b0; /lIremove the reset
end
endtask

[x**x*x THIS TASK CREATES A DELAY FOR n CLOCK CYCLES*****/
task delay _for_n_clocks;
input [15:0] number_of clock delays;
begin
repeat(number_of clock delays) @(posedge clk);
end
endtask

[x**xx THIS EVENT WILL END THE SIMULATION WHEN CALL ED UPOQON #*****/
event terminate_sim;
initial begin
@ (terminate_sim);
$finish;
end

[ THIS TASK INITIALIZES THE FOLLOWING INPUT SI GNALS *****/

task init_inputs;
begin
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end
endtask

/****** RUN THE TEST ******/
initial
begin
init_inputs;
reset_for_n_clocks(4);
delay_for_n_clocks(2);
enable = 1'b1;
/*
for(P_SAD_1 Value=2040; P_SAD_1 Value<2048; P_SAD/alue= P_SAD_1 Value + 1) begin
P_SAD_1 =P_SAD_1_Value;
for(Cur_Luminance_1=0; Cur_Luminance_1<1; Cur_Luoamce_1= Cur_Luminance_1 + 1) begin
Cur_Pel_1 = Cur_Luminance_1;
for(Cur_Luminance_2=0; Cur_Luminance_2<1; Cur_Luoamce_2= Cur_Luminance_2 + 1) begin
Cur_Pel_2 = Cur_Luminance_2;
for(Cur_Luminance_3=0; Cur_Luminance_3<1; Cur_Luoamce_3= Cur_Luminance_3 + 1) begin
Cur_Pel 3 = Cur_Luminance_3;
for(Cur_Luminance_4=0; Cur_Luminance_4<1; Cur_Luoamce_4= Cur_Luminance_4 + 1) begin
Cur_Pel 4 = Cur_Luminance_4;
for(Ref_Luminance_1=255; Ref Luminance_1<256; Rafminance_1= Ref Luminance_1 + 1) begin

Ref Pel 1 = Ref Luminance_1;
for(Ref_Luminance_2=255; Ref Luminance_2<25€f Ruminance_2= Ref Luminance_2 + 1) begin

Ref Pel 2 = Ref Luminance_2;
for(Ref_Luminance_3=255; Ref Luminance 3<Z%éf Luminance 3= Ref Luminance_3 + 1) begin

Ref Pel 3 = Ref Luminance_3;
for(Ref_Luminance_4=240; Ref _Luminance_4&28ef Luminance_4= Ref Luminance_4 + 1) begin

Ref Pel_4 = Ref Luminance_4;

if (Cur_Luminance_1>Ref Luminance_1) AB_1 = AQurminance_1 - Ref_Luminance_1;
else AB_1 = Ref Luminance_1 - Cur_Luminance_1,

if (Cur_Luminance_2>Ref Luminance_2) AB_2 = AQurminance_2 - Ref_Luminance_2;
else AB_2 = Ref Luminance_2 - Cur_Luminance_2;

if (Cur_Luminance_3>Ref Luminance_3) AB_3 = AQurminance_3 - Ref_Luminance_3;
else AB_3 = Ref Luminance_3 - Cur_Luminance_3;

if (Cur_Luminance_4>Ref Luminance_4) AB_4 = Qurminance_4 - Ref_Luminance_4;
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else AB_4 = Ref Luminance_4 - Cur_Luminance_4;
@ (posedge clk);
end //Ref_Luminance_4 loop
end //Ref_Luminance_3 loop
end //Ref_Luminance_2 loop
end //Ref_Luminance_1 loop
end //Cur_Luminance_4 loop
end //Cur_Luminance_3 loop
end //Cur_Luminance_2 loop
end //Cur_Luminance_1 loop
end // P_SAD_Value_1 loop
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Ref Pel 1 =255;
Ref Pel 2 = 255;
Ref Pel 3 = 255;
Ref Pel 4 = 255;
P_SAD 1 =2047;

end

always @(posedge clk, reset, enable) begin

if (reset == 1'b1) Addition_Compare <= 0;

else if (enable == 1'b1) Addition_Compare <= AB+ AB 2 + AB_3 + AB_4 + P_SAD _1;
end

always @ (posedge clk) begin
/I$display ("P_SAD_2 $d", P_SAD_2);
if (Addition_Compare != P_SAD_2) begin
//$display ("DUT Error at time %d", $time);
//$display ("Expected value %d, Got Value %d" dikn_Compare, P_SAD_2);
/[-> terminate_sim;
end
end

endmodule
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/************************** *

* Theepan Moorthy

* Ryerson University

* Copyright July 2007

*test Row_Adder_3 CSA.v

*% *kkk ;m/

% % %

/I This Module is used as a Test Bench for the Redder 3 CSA module

module test Row_Adder_3 CSA,;

[errs PARAMETERS *#+x0%]

parameter CLKPERIOD = 2;

reg clk, reset, enable;
reg update_Cur_MB;
reg [7:0] Cur_Pel_1;
reg [7:0] Cur_Pel_2;
reg [7:0] Cur_Pel_3;
reg [7:0] Cur_Pel_4;
reg [7:0] Ref _Pel_1;
reg [7:0] Ref _Pel 2;
reg [7:0] Ref Pel_3;
reg [7:0] Ref _Pel 4;
reg [11:0] PSAD_2;

wire [12:0] PSAD_3;

integer Cur_Luminance_1;
integer Cur_Luminance_2;
integer Cur_Luminance_3;
integer Cur_Luminance_4;
integer Ref_Luminance_1;
integer Ref_Luminance_2;
integer Ref_Luminance_3;
integer Ref_Luminance_4;
integer PSAD_2_Value;

integer AB_1;
integer AB_2;
integer AB_3;
integer AB_4;
reg [12:0] Addition_Compare;

Row_Adder_3 CSA DUT (.clk(clk),
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.reset(reset),

.enable(enable),
.update_Cur_MB(update_Cur_MB),

.C1(Cur_Pel_1),

.C2(Cur_Pel_2),

.C3(Cur_Pel_3),

.C4(Cur_Pel_4),

.R1(Ref_Pel 1),

.R2(Ref_Pel_2),

.R3(Ref_Pel_3),

.R4(Ref_Pel_4),

.PSAD_2(PSAD_2),

.PSAD_3(PSAD_3)

);

[***** CLOCK GENERATION ****x%/
initial
begin
clk = 1'b0;
end

always #(CLKPERIOD/2) clk = ~clk;

[*****x THIS TASK CREATES A POSITIVE RESET FOR n CLOK CYCLES *****/
task reset_for_n_clocks;
input [7:0] number_of resets;
begin
@(posedge clk);
reset = 1'bl; //activates the positive regptad
repeat(number_of resets) @(posedge clk);
reset=1'n0; /Iremove the reset
end
endtask

[x**x*x THIS TASK CREATES A DELAY FOR n CLOCK CYCLES*****/
task delay for_n_clocks;
input [15:0] number_of clock delays;
begin
repeat(number_of clock delays) @(posedge clk);
end
endtask

[x**xx THIS EVENT WILL END THE SIMULATION WHEN CALL ED UPOQON #*****/
event terminate_sim;
initial begin
@ (terminate_sim);
$finish;
end

[**** THIS TASK INITIALIZES THE FOLLOWING INPUT SI GNALS *****/
task init_inputs;
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begin
clk =0;
reset = 0;
enable = 0;

update_Cur_MB = 0;

ocooooooo0o

end
endtask

/****** RUN THE TEST ******/
initial
begin
init_inputs;
reset_for_n_clocks(4);
delay_for_n_clocks(2);
enable = 1'b1;
update_Cur_MB = 1'b1;
/*
for(PSAD_2 Value=2040; PSAD_2 Value<2048; PSAD_alu¢= PSAD_2 Value + 1) begin
PSAD_2 = PSAD_2 Value;
for(Cur_Luminance_1=0; Cur_Luminance_1<1; Cur_Luoamce_1= Cur_Luminance_1 + 1) begin
Cur_Pel_1 = Cur_Luminance_1;
for(Cur_Luminance_2=0; Cur_Luminance_2<1; Cur_Luoamice_2= Cur_Luminance_2 + 1) begin
Cur_Pel 2 = Cur_Luminance_2;
for(Cur_Luminance_3=0; Cur_Luminance_3<1; Cur_Luoamice_3= Cur_Luminance_3 + 1) begin
Cur_Pel 3 = Cur_Luminance_3;
for(Cur_Luminance_4=0; Cur_Luminance_4<1; Cur_Luoamice_4= Cur_Luminance_4 + 1) begin
Cur_Pel 4 = Cur_Luminance_4;
for(Ref_Luminance_1=255; Ref Luminance_1<256; Rafminance_1= Ref Luminance_1 + 1) begin

Ref Pel 1 = Ref Luminance_1;
for(Ref_Luminance_2=255; Ref Luminance_2<25€f Ruminance_2= Ref Luminance_2 + 1) begin

Ref Pel 2 = Ref Luminance_2;
for(Ref_Luminance_3=255; Ref Luminance_3<Z8éf_Luminance_3= Ref Luminance_3 + 1) begin

Ref Pel_3 = Ref Luminance_3;
for(Ref_Luminance_4=240; Ref _Luminance_4&28ef Luminance_4= Ref Luminance_4 + 1) begin

Ref Pel 4 = Ref Luminance_4;

if (Cur_Luminance_1>Ref Luminance_1) AB_1 = Qurminance_1 - Ref_Luminance_1;
else AB_1 = Ref Luminance_1 - Cur_Luminance_1;

if (Cur_Luminance_2>Ref Luminance_2) AB_2 = AQurminance_2 - Ref_Luminance_2;
else AB_2 = Ref Luminance_2 - Cur_Luminance_2;
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if (Cur_Luminance_3>Ref Luminance_3) AB_3 = AQurminance_3 - Ref_Luminance_3;
else AB_3 = Ref _Luminance_3 - Cur_Luminance_3;
if (Cur_Luminance_4>Ref Luminance_4) AB_4 = Qurminance_4 - Ref_Luminance_4;
else AB_4 = Ref Luminance_4 - Cur_Luminance_4;
@ (posedge clk);
end //Ref_Luminance_4 loop
end //Ref_Luminance_3 loop
end //Ref_Luminance_2 loop
end //Ref_Luminance_1 loop
end //Cur_Luminance_4 loop
end //Cur_Luminance_3 loop
end //Cur_Luminance_2 loop
end //Cur_Luminance_1 loop
end // PSAD_Value_1 loop

(T TTRT
eeee

Ref Pel 1 = 255;
Ref Pel 2 = 255;
Ref Pel 3 = 255;
Ref Pel 4 = 255;
PSAD 2 =4095;
end

always @(posedge clk, reset, enable) begin

if (reset == 1'b1) Addition_Compare <= 0;

else if (enable == 1'b1) Addition_Compare <= AB- AB_ 2 + AB_3 + AB_4 + PSAD 2;
end

always @ (posedge clk) begin
/I$display ("PSAD_3 $d", PSAD_3);
if (Addition_Compare = PSAD_3) begin
//$display ("DUT Error at time %d", $time);
//$display ("Expected value %d, Got Value %d" dibn_Compare, PSAD_3);
/[-> terminate_sim;
end
end
endmodule
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/***************************

* Theepan Moorthy *
* Ryerson University — *
* Copyright Octoer 2007 *
*test main_data path.v *

* * *% *kkk ;m/

/I This Module is used as a Test Bench to testrthim_data_path

module test_main_data_path;

[exrs PARAMETERS *++xx%]

parameter CLKPERIOD = 2;

e Test Bench Connections --------——-----//
J/EEE Input Ports --------- //

reg clk;

reg reset;

reg enable;

reg [4:0] update_Cur_MB,;
reg [3:0] bus_Select;

reg [31:0] broadcast_column_1_ 32bits_A;
reg [31:0] broadcast_column_2_32bits_A;
reg [31:0] broadcast_column_3 32hits_A;
reg [31:0] broadcast_column_4 32bits_A;

reg [31:0] broadcast_column_1_32bits_B;
reg [31:0] broadcast_column_2_32bits_B;
reg [31:0] broadcast_column_3 32bits_B;
reg [31:0] broadcast_column_4_ 32bits_B;

- Output Ports ------- //

/l The 16 4x4 SAD output registers

wire [12:0]

B4x4_00_out, B4x4_01_out, B4x4_02_out, B4x4_03_out,
B4x4 10 out, B4x4 11 out, B4x4 12 out, B4x4 13 out,
B4x4 20 out, B4x4 21 out, B4x4 22 out, B4x4 23 out,
B4x4 30 out, B4x4_31 out, B4x4 32 _out, B4x4 33 out;

/I The 8 4x8 SAD output registers

wire [13:0]

B4x8_00_out, B4x8_01_out, B4x8_02_out, B4x8_03_out,
B4x8_10 out, B4x8_11 out, B4x8_12 out, B4x8_13 out;

/I The 8 8x4 SAD output registers
wire [13:0]
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B8x4 00 out, B8x4 01 _out,
B8x4 10 out, B8x4 11 out,
B8x4 20 out, B8x4 21 out,
B8x4_30_out, B8x4_31 out;

/I The 4 8x8 SAD output registers
wire [14:0]

B8x8_00_out, B8x8_01_out,
B8x8_10 out, B8x8_11 out;

/l The 2 8x16 SAD output registers
wire [15:0] B8x16_0_out, B8x16_1 out;

/I The 2 16x8 SAD output registers
wire [15:0] B16x8_0_out, B16x8 1 out;

/l The 1 16x16 SAD output register
wire [16:0] B16x16_out;

reg [4:0] read_file_update_Cur_MB [0:1119]; // teampay for $readmemb to store update_Cur_MB inpiies
reg [3:0] read_file_bus_Select [0:1119];

reg [31:0] read_file_Bus_A_ 1[0:1119999]; // tempag for $readmemb to store bus line A_1's values
reg [31:0] read_file_Bus_A 2[0:1119999];
reg [31:0] read_file_Bus_A 3[0:1119999];
reg [31:0] read_file_Bus_A 4[0:1119999];
reg [31:0] read_file_Bus_B_1 [0:1119999]; // temmpag for $readmemb to store bus line B_1's values
reg [31:0] read_file_Bus_B_2[0:1119999];
reg [31:0] read_file_Bus_B_3[0:1119999];
reg [31:0] read_file_Bus_B_4[0:1119999];

reg [12:0] read_file_B4x4_top  [0:8711999];ehp array for $readmemb to read the C code gewmerate
reg [12:0] read_file_B4x4 bottom [0:8711999]; A3 values, to be checked against the RTL modelwdutp

reg [13:0] read_file_B4x8 top  [0:4355999];
reg [13:0] read_file_B4x8_bottom [0:4355999];

reg [13:0] read_file_B8x4 top [0:4355999];
reg [13:0] read_file_B8x4 bottom [0:4355999];

reg [14:0] read_file_B8x8 top  [0:2177999];
reg [14:0] read_file_B8x8_bottom [0:2177999];

reg [15:0] read_file_B16x8 top [0:1088999];
reg [15:0] read_file_B16x8_bottom [0:1088999];

reg [15:0] read_file_B8x16_bottom [0:2177999];

reg [16:0] read_file_B16x16_bottom [0:1088999];
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integer i; //used for FOR loop indexing
integer B4x4_top_offset; // used to access theecooutput C SAD data
integer B8x4_top_offset;

integer B8x8_top_offset;

integer B16x8_top_offset;

integer B4x4_bottom_offset;

integer B8x4_bottom_offset;

integer B8x8_bottom_offset;

integer B16x8_bottom_offset;

integer broadcast_column_offset;
integer TestCase;

main_data_path DUT (// Input Ports
.clk(clk),
.reset(reset),
.enable(enable),

.update_Cur_MB(update_Cur_MB),
.bus_Select(bus_Select),
.broadcast_column_1_32bits_A(broadcast_columB2bits_A),
.broadcast_column_2_32bits_A(broadcast_colimB2bits_A),
.broadcast_column_3_32bits_A(broadcast_collBnB2bits_A),
.broadcast_column_4_32bits_A(broadcast_columB2bits_A),
.broadcast_column_1_32bits_B(broadcast_coldm82bits_B),
.broadcast_column_2_32bits_B(broadcast_col@m82bits_B),
.broadcast_column_3_32bits B(broadcast_col@m82bits B),
.broadcast_column_4 32bits B(broadcast_coldm82bits B),

/I Output Ports
/l The 16 4x4 SAD output registers

.B4x4_00_out(B4x4_00_out),.B4x4_01_out(B4x4_01_dB#)x4_02_out(B4x4_02_out),.B4x4_03_out(B4x4 03 _
out),

.B4x4_10_out(B4x4_10 out),.B4x4_11 out(B4x4_11 ddf)x4_ 12 out(B4x4_ 12 out),.B4x4 13 out(B4x4 13
out),

.B4x4_ 20 out(B4x4 20 out),.B4x4 21 out(B4x4 21 oBf)x4 22 out(B4x4 22 out),.B4x4 23 out(B4x4 23
out),

.B4x4_30_out(B4x4 30 out),.B4x4 31 out(B4x4 31 oBf)x4 32 out(B4x4 32 out),.B4x4 33 out(B4x4 33
out),
/I The 8 4x8 SAD output registers

.B4x8_00_out(B4x8_00 _out),.B4x8 01 out(B4x8_ 01 ,dB#x8_02_out(B4x8_02_out),.B4x8_03_out(B4x8 03 _
out),

.B4x8_10_out(B4x8_10 out),.B4x8 11 out(B4x8_ 11 dBfx8_ 12 out(B4x8_12_ out),.B4x8 13 out(B4x8 13
out),

/I The 8 8x4 SAD output registers

.B8x4_00_out(B8x4_00_out),.B8x4 01 out(B8x# @ut),

.B8x4_10 out(B8x4_ 10 out),.B8x4 11 out(B8x# dut),

.B8x4 20 out(B8x4 20 out),.B8x4 21 out(B8x# @ut),
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.B8x4_30_out(B8x4_30_out),.B8x4_31 out(B8x#_@&ut),
/I The 4 8x8 SAD output registers
.B8x8_00_out(B8x8_00_out),.B8x8_01_out(B8xB_@ut),
.B8x8_10 out(B8x8_10 out),.B8x8 11 out(B8xB dut),
/l The 2 8x16 SAD output registers

.B8x16_0 out(B8x16_0_out),.B8x16 1 out(B8xlL6out),
/l The 2 16x8 SAD output registers

.B16x8_0 out(B16x8_0_out),.B16x8 1 out(B16k8out),
/l The 1 16x16 SAD output register
.B16x16_out(B16x16_out)

);

[¥**** CLOCK GENERATION ******/
initial
begin
clk = 1'b0;
end

always #(CLKPERIOD/2) clk = ~clk;

[***xx THIS TASK CREATES A POSITIVE RESET FOR n CLOK CYCLES *****/
task reset_for_n_clocks;
input [7:0] number_of resets;
begin
@(posedge clk);
reset = 1'bl; //activates the positive regptad
repeat(number_of resets) @(posedge clk);
reset=1'b0; /lIremove the reset
end
endtask

[¥**x*x THIS TASK CREATES A DELAY FOR n CLOCK CYCLES*****/
task delay_for_n_clocks;
input [15:0] number_of clock_delays;
begin
repeat(number_of clock delays) @(posedge clk);
end
endtask

[rrxxx THIS EVENT WILL END THE SIMULATION WHEN CALL ED UPOQON #*****/
event terminate_sim;
initial begin
@ (terminate_sim);
$finish;
end

[**** THIS TASK INITIALIZES THE FOLLOWING INPUT SI GNALS *****/
task init_inputs;
begin

clk =0;
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reset =0;

enable = 0;
update_Cur_MB = 0;
bus_Select = 0;

broadcast_column_1 32bits A=0;
broadcast_column_2_ 32bits A =0;
broadcast_column_3_ 32bits A=0;
broadcast_column_4_32bits A =0;

broadcast_column_1 32bits B = 0;
broadcast_column_2 32bits B = 0;
broadcast_column_3 32bits B = 0;
broadcast_column_4 32bits B = 0;
end
endtask

[rxx THIS TASK FEEDS IN ALL OF THE TEST INPUTVECTORS ok |
[¥x% AND CHECKS THE OUTPUT SAD VALUES AGAINSTTHE C OUTPUT FILES  *****/
task feed_inputs_check_output;
begin
$readmemb("FILES/update_Cur_MB.txt", read_file_afgd Cur_MB); //files must be located in the project
folder
$readmemb("FILES/bus_Select.txt", read_file_buse@g

$readmemb("FILES_LARGE/bus_A_ 1.txt", read_file_BAs1); // files must be located in the project faid
$readmemb("FILES_LARGE/bus_A_2.txt", read_file_BAs?2);
$readmemb("FILES_LARGE/bus_A_3.txt", read_file_BAs3);

$readmemb("FILES_LARGE/bus_A_4.txt", read_file_BAs4);

$readmemb("FILES_LARGE/bus_B_1.txt", read_file_BBs1); // files must be located in the project faid
$readmemb("FILES_LARGE/bus_B_2.txt", read_file_BBs?2);
$readmemb("FILES_LARGE/bus_B_3.txt", read_file_BBs3);
$readmemb("FILES_LARGE/bus_B_4.txt", read_file_BBs4);

$readmemb("FILES_LARGE/B4x4_top.txt", read_fileb& top);
$readmemb("FILES_LARGE/B4x8_top.txt", read_fileb_top);
$readmemb("FILES_LARGE/B8x4_top.txt", read_filé3x8 _top);
$readmemb("FILES_LARGE/B8x8_top.txt", read_filé3xB_top);
$readmemb("FILES_LARGE/B16x8_top.txt", read_filel@X8_top);

$readmemb("FILES_LARGE/B4x4_bottom.txt", reatk fB4x4_bottom);
$readmemb("FILES_LARGE/B4x8_bottom.txt", reatk fB4x8 bottom);
$readmemb("FILES_LARGE/B8x4_bottom.txt", reatk fB8x4_bottom);
$readmemb("FILES_LARGE/B8x8_bottom.txt", reatk fB8x8_ bottom);
$readmemb("FILES_LARGE/B16x8_bottom.txt", reate fB16x8_bottom);
$readmemb("FILES_LARGE/B8x16_bottom.txt", reate fB8x16_bottom);
$readmemb("FILES_LARGE/B16x16_bottom.txt", reate fB16x16_bottom);

for (TestCase=0; TestCase<1000; TestCase=TestCalegin
for (i=0; i<1120; i=i+1) begin
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update_Cur_MB = read_file_update_Cur_MBJi+1];
bus_Select =read_file_bus_Select[i];

broadcast_column_offset =i + (1120*TestCase);

broadcast_column_1 32bits A =read_file_Bus_Arddldcast_column_offset];
broadcast_column_2_ 32bits_A =read_file_Bus_Ar@jldcast_column_offset];
broadcast_column_3 32bits_A =read_file_Bus_Ar@jldcast_column_offset];
broadcast_column_4_ 32bits_A =read_file_Bus_Ara@Hldcast_column_offset];

broadcast_column_1_ 32bits_B = read_file_Bus_BrgHticast column_offset];
broadcast_column_2_32bits_B = read_file_Bus_Brad3ticast _column_offset];
broadcast_column_3_32bits_B = read_file_Bus_Bra#ticast _column_offset];
broadcast_column_4_32bits_B = read_file_Bus_Brodticast _column_offset];

if ((i>24)&(i<=1113)) begin // since the corta@lue is only being clocked in at cycle 24
/I'if we need to sample that valuetésting we should read it at cycle 25,
/I so that the register has settled&taed with the value that was clocked into
/l'it at the end of cycle 23 (i.e. thetantaneous pos-edge start of cycle 24)

Il Test the Top 8 4x4 Blocks
B4x4_top_offset = ((i-25)*8) + (8712*TestCase);
if (read_file_B4x4_top[B4x4_top_offset] |= B4x@0 out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B4x4 top[B4x4_top_offset], B4x4_00_out);
end
if (read_file_B4x4_top[B4x4_top_offset+1] |= B4 01 out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B4x4_top[B4x4_top_offset+1],
B4x4 01 out);
end
if (read_file_B4x4_top[B4x4_top_offset+2] |= B4 02_out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B4x4 top[B4x4_top_offset+2],
B4x4_02_out);
end
if (read_file_B4x4_top[B4x4_top_offset+3] |= B4 03_out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B4x4_top[B4x4_top_offset+3],
B4x4_03_out);
end
if (read_file_B4x4_top[B4x4_top_offset+4] |= B4 10 out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B4x4 top[B4x4_top_offset+4],
B4x4_10_out);
end
if (read_file_B4x4_top[B4x4_top_offset+5] I= B4 11 out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B4x4 top[B4x4_top_offset+5],
B4x4 11 out);
end
if (read_file_B4x4_top[B4x4_top_offset+6] |= B4 12 out) begin
$display ("DUT Error at time %d", $time);
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$display ("Expected value %d, Got Value %dad_file_B4x4 top[B4x4_top_offset+6],
B4x4_12_out);
end
if (read_file_B4x4_top[B4x4_top_offset+7] |= B4 13_out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B4x4_top[B4x4_top_offset+7],
B4x4 13 out);
end

o
Il Test the Top 4 Half of 8x4 Blocks
B8x4_top_offset = ((i-25)*4) + (4356*TestCase);
if (read_file_B8x4_top[B8x4_top_offset] |= B8x@0 out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B8x4 top[B8x4_top_offset], B8x4_00_out);
end
if (read_file_B8x4_top[B8x4_top_offset+1] |= B8 01 out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B8x4_top[B8x4_top_offset+1],
B8x4 01 out);
end
if (read_file_B8x4_top[B8x4_top_offset+2] |= B8 10_out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B8x4 top[B8x4_top_offset+2],
B8x4_10_out);
end
if (read_file_B8x4_top[B8x4_top_offset+3] = B8 11 out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B8x4_top[B8x4_top_offset+3],
B8x4 11 out);
end

o
/I Test the Top 4 Half of 4x8 Blocks
if (read_file_B4x8_top[B8x4_top_offset] |= B4xB0_out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B4x8 top[B8x4_top_offset], B4x8_00_out);
end
if (read_file_B4x8_top[B8x4_top_offset+1] |= B& 01 out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B4x8_top[B8x4_top_offset+1],
B4x8 01 out);
end
if (read_file_B4x8_top[B8x4_top_offset+2] |= B& 02_out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B4x8 top[B8x4_top_offset+2],
B4x8_02_out);
end
if (read_file_B4x8_top[B8x4_top_offset+3] |= B& 03_out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B4x8_top[B8x4_top_offset+3],
B4x8 03_out);
end
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i
/I Test the Top 2 Half of 8x8 Blocks
B8x8_top_offset = ((i-25)*2) + (2178*TestCase);
if (read_file_B8x8_top[B8x8_top_offset] |= B8xB0 _out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B8x8_top[B8x8_top_offset], B8x8_00_out);
end
if (read_file_B8x8_top[B8x8_top_offset+1] |= BB 01 out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B8x8 top[B8x8_top_offset+1],
B8x8_01_out);
end

I T T T ]
I/l Test the Top 16x8 Block
B16x8_top_offset = (i-25) + (1089*TestCase);
if (read_file_B16x8_top[B16x8_top_offset] |= B48 0_out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B16x8_ top[B16x8_top_offset],
B16x8 0 out);
end

end // ends if i>24
i

if (i>32)begin // since the correct value idyobeing clocked in at cycle 32
/l'if we need to sample that valuetésting we should read it at cycle 33,
/I so that the register has settled&taed with the value that was clocked into
/it at the end of cycle 31 (i.e. thetantaneous pos-edge start of cycle 32

Il Test the Bottom 8 Half of 4x4 Blocks
B4x4 _bottom_offset = ((i-33)*8) + (8712*Test@3s
if (read_file_B4x4_bottom[B4x4_bottom_offset] B4x4_20_out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B4x4 bottom[B4x4_bottom_offset],
B4x4_20_out);
end
if (read_file_B4x4_bottom[B4x4_bottom_offset#E]B4x4 21 out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B4x4_bottom[B4x4_bottom_offset+1],
B4x4 21 out);
end
if (read_file_B4x4_bottom[B4x4_bottom_offset+#2]B4x4_22_out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B4x4_bottom[B4x4_bottom_offset+2],
B4x4 22 out);
end
if (read_file_B4x4_bottom[B4x4_bottom_offset+#3]B4x4_23_out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B4x4_bottom[B4x4_bottom_offset+3],
B4x4 23 out);
end
if (read_file_B4x4_bottom[B4x4_bottom_offset+#4]B4x4 30 out) begin
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$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B4x4_bottom[B4x4_bottom_offset+4],
B4x4_30_out);
end
if (read_file_B4x4_bottom[B4x4_bottom_offset+#5]B4x4 31 out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B4x4_bottom[B4x4_bottom_offset+5],
B4x4 31 out);
end
if (read_file_B4x4_bottom[B4x4_bottom_offset+#6]B4x4_32_out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B4x4_bottom[B4x4_bottom_offset+6],
B4x4 _32_out);
end
if (read_file_B4x4_bottom[B4x4_bottom_offset## B4x4_33_out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B4x4_bottom[B4x4_bottom_offset+7],
B4x4 33 out);
end

T T T T
Il Test the Bottom 4 Half of 8x4 Blocks
B8x4_top_offset = ((i-33)*4) + (4356*TestCase);
if (read_file_B8x4_bottom[B8x4_bottom_offset] B8x4_20_out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B8x4 bottom[B8x4_bottom_offset],
B8x4 20 out);
end
if (read_file_B8x4_bottom[B8x4_bottom_offset#E]B8x4 21 out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B8x4_bottom[B8x4_bottom_offset+1],
B8x4 21 out);
end
if (read_file_B8x4_bottom[B8x4_bottom_offset+#2]B8x4_30_out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B8x4_bottom[B8x4_bottom_offset+2],
B8x4_30_out);
end
if (read_file_B8x4_bottom[B8x4_bottom_offset+#3]B8x4 31 out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B8x4_bottom[B8x4_bottom_offset+3],
B8x4 31 out);
end

T T T T T
/I Test the Bottom 4 Half of 4x8 Blocks
if (read_file_B4x8_bottom[B8x4_bottom_offset] B4x8_10_out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B4x8 bottom[B8x4_bottom_offset],
B4x8 10 out);
end
if (read_file_B4x8_bottom[B8x4_bottom_offset#E]B4x8 11 out) begin
$display ("DUT Error at time %d", $time);
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$display ("Expected value %d, Got Value %dad_file_B4x8_bottom[B8x4_bottom_offset+1],
B4x8 11 out);
end
if (read_file_B4x8_bottom[B8x4_bottom_offset+#2]B4x8 12 out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dgd_file_B4x8_bottom[B8x4_bottom_offset+2],
B4x8 12 out);
end
if (read_file_B4x8_bottom[B8x4_bottom_offset+#3]B4x8 13 out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B4x8_bottom[B8x4_bottom_offset+3],
B4x8_13_out);
end

T T T T T
Il Test the Bottom 2 Half of 8x8 Blocks
B8x8_hottom_offset = ((i-33)*2) + (2178*Test@3s
if (read_file_B8x8_bottom[B8x8_bottom_offset] B8x8_10_out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B8x8_ bottom[B8x8_bottom_offset],
B8x8_10_out);
end
if (read_file_B8x8_bottom[B8x8_bottom_offset#£]B8x8_ 11 out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B8x8_bottom[B8x8_bottom_offset+1],
B8x8_11 out);
end

e
Il Test the Bottom 16x8 Block
B16x8_top_offset = (i-33) + (1089*TestCase);
if (read_file_B16x8_bottom[B16x8 top_offset] B16x8_ 1 out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B16x8 bottom[B16x8_top_offset],
B16x8_1 out);
end

T T T T T
Il Test the two 8x16 Blocks
if (read_file_B8x16_bottom[B8x8_bottom_offs&t]B8x16_0_out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dgd_file_B8x16_bottom[B8x8_bottom_offset],
B8x16_0 out);
end
if (read_file_B8x16_bottom[B8x8_bottom_offsej++ B8x16_1 out) begin
$display ("DUT Error at time %d", $time);
$display ("Expected value %d, Got Value %dad_file_B8x16_bottom[B8x8_bottom_offset+1],
B8x16_1_out);
end

T T T

Il Test the 16x16 Block

if (read_file_B16x16_bottom[B16x8 top_offset]B16x16_out) begin
$display ("DUT Error at time %d", $time);
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$display ("Expected value %d, Got Value %dad_file_B16x16_bottom[B16x8_top_offset],
B16x16_out);
end

end // ends if i>32

@(posedge clk);
end //ends the i clock cycle for loop
$display("Input Values have been Fed \n");
$display("TestCase = %d\n", TestCase);
update_Cur_MB = 0;
bus_Select = 0;
reset_for_n_clocks(2);
end //ends the 1000 TestCase for loop
end
endtask

[rrxxxx . RUN THE MAIN_DATA_PATH **kkk/
initial
begin
init_inputs;
reset_for_n_clocks(4);
delay_for_n_clocks(2);
enable = 1'b1;
$dlsp|ay("\n **************DATA_PATH SAD RESU LTS** kkkkkkkkhkkkkk \n"),
feed_inputs_check output;
$display(™);
$display( ilalalalalalololaiohaiiil kel ikl
enable = 1'b0;
delay_for_n_clocks(5);
/[-> terminate_sim;
end
endmodule
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/***************************

* Theepan Moorthy

* Ryerson University

* Copyright February 2008
* test_dual_buffer.v

* * *% *kkk ;m/

* o * *

/I This Module is used as a Test Bench to testitted _buffer module

module test_dual_buffer;

[exrs PARAMETERS *#+xx%]

parameter CLKPERIOD = 2;

e Test Bench Connections --------——-----//
J/EEE Input Ports --------- //

reg clk;

reg reset;

reg enable;

reg [5:0] address;
reg read_Buffer_1;

reg [255:0] dataln_32_Bytes;
H---- Output Ports ------- //

wire [247:0] dataOut_31_Bytes_A;
wire [247:0] dataOut_31_Bytes B;

reg [6:0] a;

reg we_a;

reg [255:0] a_di;
wire [247:0] a_do;

reg [7:0] input_32_Bytes [0:31]; // temp array &readmemb to input Vectors

integer i; //used for FOR loop indexing
integer input_value = 0;

integer input_value_2 = 0;

integer Clock_Cycle;

dual_buffer DUT (.clk(clk),
.reset(reset),
.enable(enable),
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.address(address),
.read_Buffer_1(read_Buffer_1),
.dataln_32_Bytes(dataln_32_Bytes),
.dataOut_31_ Bytes A(dataOut_31 Bytes A),
.dataOut_31_Bytes B(dataOut_31 Bytes B)
);

/*
spblockram_66 DUT2 (.clk(clk),
we(we_a),
.a(a),
.di(a_di),
.do(a_do)
);
*/
[F**** CLOCK GENERATION ****x%/
initial
begin
clk = 1'b0;
end

always #(CLKPERIOD/2) clk = ~clk;

[***x*x THIS TASK CREATES A POSITIVE RESET FOR n CLOK CYCLES *****/
task reset_for_n_clocks;
input [7:0] number_of resets;
begin
@(posedge clk);
reset = 1'bl; //activates the positive regptad
repeat(number_of resets) @(posedge clk);
reset=1'b0; /lIremove the reset
end
endtask

[x**x*x THIS TASK CREATES A DELAY FOR n CLOCK CYCLES*****/
task delay _for_n_clocks;
input [15:0] number_of clock delays;
begin
repeat(number_of clock delays) @(posedge clk);
end
endtask

[x**xx THIS EVENT WILL END THE SIMULATION WHEN CALL ED UPQON #*****/
event terminate_sim;
initial begin
@ (terminate_sim);
$finish;
end

[**** THIS TASK INITIALIZES THE FOLLOWING INPUT SI GNALS *****/
task init_inputs;
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begin
clk =0;
reset = 0;
enable = 0;
address = 0;
read_Buffer_1 =0;
dataln_32_Bytes = 0;
end
endtask

[x**xx  TH|S TASK FEEDS IN ALL OF THE TEST INPUTVECTORS k]
[x*xxx - AND CHECKS THE OUTPUT SAD VALUES AGAINSTTHE C OUTPUT FILES  *****/
task feed_inputs_check_output;
begin
/I$readmemb("FILES/input_pixels.txt", input_32_Bgy}; //files must be located in the project folder

for (Clock_Cycle=0; Clock_Cycle<340; Clock Cyclele€k_Cycle+1) begin

if (Clock_Cycle<96) read_Buffer_1 = 0;// keepritriead_Buffer_2 mode so that Buffer 1 gets loadtst f
else if ((Clock_Cycle>95)&&(Clock_Cycle<211)) redBuffer_1 = 1;
else read_Buffer_ 1 =0;

if (Clock_Cycle<143) input_value_2 = 0;

else input_value_2 = 32;

for (i=0; i<32; i=i+1) begin
if (read_Buffer_1==1) input_32_Bytes][i] = inputalvue 2 + i;
else input_32_Bytes][i] = input_value;

end

/fif (Clock_Cycle>95) input_value = input_valuels

input_value = input_value + 1;

if (input_value==48) input_value = 0;

@ (posedge clk);

dataln_32_Bytes[255:248] = input_32_Bytes [0];
dataln_32_Bytes[247:240] = input_32_Bytes [1];
dataln_32_ Bytes[239:232] = input_32_Bytes [2];
dataln_32_ Bytes[231:224] = input_32_Bytes [3];
dataln_32_ Bytes[223:216] = input_32_Bytes [4];
dataln_32_ Bytes[215:208] = input_32_Bytes [5];
dataln_32_ Bytes[207:200] = input_32_Bytes [6];
dataln_32_Bytes[199:192] = input_32_Bytes [7];

dataln_32_Bytes[191:184] = input_32_Bytes [8];

dataln_32_Bytes[183:176] = input_32_Bytes [9];

dataln_32_Bytes[175:168] = input_32_Bytes [10];
dataln_32_Bytes[167:160] = input_32_Bytes [11];
dataln_32_ Bytes[159:152] = input_32_Bytes [12];
dataln_32_ Bytes[151:144] = input_32_Bytes [13];
dataln_32_ Bytes[143:136] = input_32_Bytes [14];
dataln_32_ Bytes[135:128] = input_32_Bytes [15];

169



7.1 Verilog Code Files

dataln_32_Bytes[127:120] = input_32_Bytes [16];
dataln_32_Bytes[119:112] = input_32_Bytes [17];
dataln_32_Bytes[111:104] = input_32_Bytes [18];
dataln_32_ Bytes[103:96] = input_32_Bytes [19];
dataln_32_ Bytes[95:88] = input_32_Bytes [20];
dataln_32_ Bytes[87:80] = input_32_Bytes [21];
dataln_32_ Bytes[79:72] = input_32_Bytes [22];
dataln_32_ Bytes[71:64] = input_32_Bytes [23];

dataln_32_Bytes[63:56] = input_32_Bytes [24];
dataln_32_Bytes[55:48] = input_32_Bytes [25];
dataln_32_Bytes[47:40] = input_32_Bytes [26];
dataln_32_Bytes[39:32] = input_32_Bytes [27];
dataln_32_Bytes[31:24] = input_32_Bytes [28];
dataln_32_Bytes[23:16] = input_32_Bytes [29];
dataln_32_ Bytes[15:8] = input_32_Bytes [30];
dataln_32_ Bytes[7:0] = input_32_Bytes [31];

$display("Clock Cycle = %d\n", Clock_Cycle);

address = address + 1;

if (address==48) address = 0;

if (Clock_Cycle==210) address = 0;
/lif (Clock_Cycle==96) address = 0;

end //ends the Clock Cycle for loop
$display("Input Values have been Fed \n");

end
endtask

[rrxxxx . RUN THE MAIN_DATA _PATH #*#%%%/
initial
begin
init_inputs;
reset_for_n_clocks(4);
delay for_n_clocks(2);
enable = 1'b1;
$display("\n **rrrrrrrkieee:s MEMORY UNIT BUS RES  ULTS **kkkitttbbikkokkokok \n'),
feed_inputs_check output;
$Sdisplay(");
$dis-
p Iay("********************************************* ***********************************") ,
enable = 1'b0;
delay_for_n_clocks(5);
/I-> terminate_sim;
end
endmodule
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7.2 C Code Files

The following screenshot provides an alphabetisting of all of the C source files that were
used to create the Software Model replica of theldRTL designs, which were used to cross-

check and verify the hardware designs.

Wrorkspace

“workzpace 'S oftvearskAd odesl: 1 projeci=]

— SoftwareModel Fles

f Souurce File=

E'l Block  _mern 20=<1 65 o
block__mern_EBE=1E. =
5SS Shik o
=L | 1]
dual _buffFer. o
Fowur_by Fowur__block .. o
intkZ2Birn. =
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intkZB i1 Ehik=.
intkZB i1 Fhik=.
intkZB irn_4dbit=.
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o chip_mem. o
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t==t__mairn_data__path_botbhom. o
t==t__mairn_data__path_top.c
k==t mem.

ader Fil==

=ources Files

goaonaon

D B R E R e RE RS

il

The actual C source code files themselves are dietow. There are 21 C code design files and

4 C test code files in total.
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#include <stdlib.h>
#include <stdio.h>
Il

/I This function implements the read/write memargdtionality of a
// 16 byte wide and 30 deep memory block (i.e MgniRartition B)

void block_mem_30x16 ( // inputs
int write_enable,
int address, // 7-bits (i.e. 0 to 29 addes$
/l input memory array address
int array_30x16 [30][16],
// Input Bus
int dataln_16_Bytes[16],
// Output Bus
int dataOut_16_Bytes[16]
i

dataOut_16_Bytes[0] = array_30x16 [address][0];
dataOut_16_Bytes[1] = array_30x16 [address][1];
dataOut_16_Bytes[2] = array_30x16 [address][2];
dataOut_16_Bytes[3] = array_30x16 [address][3];
dataOut_16_Bytes[4] = array_30x16 [address][4];
dataOut_16_Bytes[5] = array_30x16 [address][5];
dataOut_16_Bytes[6] = array_30x16 [address][6];
dataOut_16_Bytes[7] = array_30x16 [address][7];

dataOut_16_Bytes[8] = array_30x16 [address][8];

dataOut_16_Bytes[9] = array_30x16 [address][9];

dataOut_16_Bytes[10] = array_30x16 [address][10];
dataOut_16 Bytes[11] = array_30x16 [address][11];
dataOut_16_Bytes[12] = array_30x16 [address][12];
dataOut_16_Bytes[13] = array_30x16 [address][13];
dataOut_16_Bytes[14] = array_30x16 [address][14];
dataOut_16_Bytes[15] = array_30x16 [address][15];

if (write_enable==1){
array_30x16[address][0] = dataln_16_Bytes|0];
array_30x16[address][1] = dataln_16_ Bytes[1];
array_30x16[address][2] = dataln_16_ Bytes|[2];
array_30x16[address][3] = dataln_16_Bytes|[3];
array_30x16[address][4] = dataln_16_ Bytes[4];
array_30x16[address][5] = dataln_16_ Bytes|[5];
array_30x16[address][6] = dataln_16_ Bytes|[6];
array_30x16[address][7] = dataln_16_ Bytes[7];

array_30x16[address][8] = dataln_16_ Bytes[8];
array_30x16[address][9] = dataln_16_ Bytes[9];
array_30x16[address][10] = dataln_16_Bytes[10];
array_30x16[address][11] = dataln_16_ Bytes[11];
array_30x16[address][12] = dataln_16_ Bytes[12];
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array_30x16[address][13] = dataln_16_Bytes[13];

array_30x16[address][14] = dataln_16_Bytes[14];

array_30x16[address][15] = dataln_16_ Bytes[15];
} /I ends if write_enable==1

} /1 ends function block_mem_30x16
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#include <stdlib.h>
#include <stdio.h>

/I This function implements the read/write memargdtionality of a
// 16 byte wide and 66 deep memory block (i.e Mgniartition A)

void block_mem_66x16 ( // inputs
int write_enable,
int address, // 7-bits (i.e. 0 to 65 addes}
/l input memory array address
int array_66x16 [66][16],
/l Input Bus
int dataln_16_Bytes[16],
// Output Bus
int dataOut_16_Bytes[16]
i

dataOut_16_Bytes[0] = array_66x16 [address][0];
dataOut_16_Bytes[1] = array_66x16 [address][1];
dataOut_16_Bytes[2] = array_66x16 [address][2];
dataOut_16_Bytes[3] = array_66x16 [address][3];
dataOut_16_Bytes[4] = array_66x16 [address][4];
dataOut_16_Bytes[5] = array_66x16 [address][5];
dataOut_16_Bytes[6] = array_66x16 [address][6];
dataOut_16_Bytes[7] = array_66x16 [address][7];

dataOut_16_Bytes[8] = array_66x16 [address][8];

dataOut_16_Bytes[9] = array_66x16 [address][9];

dataOut_16_Bytes[10] = array_66x16 [address][10];
dataOut_16_Bytes[11] = array_66x16 [address][11];
dataOut_16_Bytes[12] = array_66x16 [address][12];
dataOut_16_Bytes[13] = array_66x16 [address][13];
dataOut_16_Bytes[14] = array_66x16 [address][14];
dataOut_16_Bytes[15] = array_66x16 [address][15];

if (write_enable==1){
array_66x16[address][0] = dataln_16_ Bytes|0];
llprintf("\n %d \n", dataln_16_Bytes[0]);

array_66x16[address][1] = dataln_16_ Bytes[1];
array_66x16[address][2] = dataln_16_ Bytes|[2];
array_66x16[address][3] = dataln_16_Bytes[3];
array_66x16[address][4] = dataln_16_Bytes[4];
array_66x16[address][5] = dataln_16_Bytes|[5];
array_66x16[address][6] = dataln_16_Bytes|[6];
array_66x16[address][7] = dataln_16_ Bytes[7];

array_66x16[address][8] = dataln_16_ Bytes[8];

array_66x16[address][9] = dataln_16_ Bytes[9];
array_66x16[address][10] = dataln_16 Bytes[10];
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array_66x16[address][11] = dataln_16_ Bytes[11];

array_66x16[address][12] = dataln_16_ Bytes[12];

array_66x16[address][13] = dataln_16_ Bytes[13];

array_66x16[address][14] = dataln_16 Bytes[14];

array_66x16[address][15] = dataln_16 Bytes[15];
} /I ends if write_enable==1

} /1 ends function block_mem_66x16
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#include <stdlib.h>
#include <stdio.h>

/I This is an 8bit CSA Adder Block
void CSA_8bit_block (int x, int 'y, int z, int *Cayr int *Sum){
int x_truncated, y_truncated, z_truncated,;

/I first the first 24 MSBs of the input are chopdpef
/I to truly reflect an 8-bit CSA block

X_truncated = x & 0xO00000FF;

y_truncated = y & 0xO00000FF;

z_truncated = z & 0x000000FF;

/I XOR X, y, and z

/*
printf("\n\nx_truncated is: %d\n\n", x_truncated);
printf("\n\ny_truncated is: %d\n\n", y_truncated);
printf("\n\nz_truncated is: %d\n\n", z_truncated);
*/
*Sum = x_truncated * y_truncated " z_truncated;

[lprintf("\n\nThe Sum is: %d\n\n", *Sum);

*Carry = (x_truncated&y_truncated) »
(x_truncated&z_truncated) »
(y_truncated&z_truncated);

} /lends CSA_8bit
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#include <stdlib.h>
#include <stdio.h>

/I This is an 9bit CSA Adder Block
void CSA_9bit_block (int x, int 'y, int z, int *Cayr int *Sum){
int x_truncated, y_truncated, z_truncated,;

/I first the first 23 MSBs of the input are chopdpef
/I to truly reflect a 9-bit CSA block

X_truncated = x & 0x000001FF;

y_truncated =y & OX000001FF;

z_truncated = z & 0x000001FF;

/I XOR X, y, and z
*Sum = x_truncated ~ y_truncated » z_truncated;

*Carry = (x_truncated&y_truncated) »
(x_truncated&z_truncated) *
(y_truncated&z_truncated);

} /lends CSA_9bit
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#include <stdlib.h>
#include <stdio.h>

/I This is the dual_buffer design file.
/I External Functions located in other Project §ile

/I Two on_chip_mem modules will be used to creasderup the
[/l Dual Buffer Memory Unit
void on_chip_mem (// inputs
int write_enable,
int address, // 6-bits (i.e. 0 to 47 seagvisiel rows)
int load_bottom,
int load_top,

intread_LO L1,
intread L1 L2,
intread_L2 L3,

int block_66x16_mem_1 [66][16],
int block_66x16_mem_2 [66][16],
int block_30x16_mem_1 [66][16],
int block_30x16_mem_2 [66][16],

int *partition_A_Counter,
int *partition_B_Counter,

/l Input Bus

int dataln_32_Bytes[32],

/l Output Buses

int dataOut_31_Bytes_A[32],// an extra hiyi¢he array is added
int dataOut_31_Bytes B[32] // for programmiconvenience

);
I I

void dual_buffer (// inputs
int initialize,
int address, // 6-hits (i.e. 0 to 47 searigklpows)
int read_Buffer_1,
int read_Buffer_2,

/[ Input Bus

int dataln_32_Bytes[32],

/I Output Buses

int dataOut_31 Bytes A[32],// an extra byte¢he array is added
int dataOut_31 Bytes B[32] // for programmuguanvenience

A

/I Memory Blocks/Parts that are used to creatdeBuf
static int block_66x16_mem_1 B1 [66][16];
static int block_66x16_mem_2_ B1 [66][16];
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static int block_30x16_mem_1 B1 [66][16];
static int block_30x16_mem_2_B1 [66][16];

static int partition_A_Counter_B1 = 0;
static int partition_B_Counter_B1 = 0;

/I Memory Blocks/Parts that are used to creatdeB &
static int block_66x16_mem_1 B2 [66][16];
static int block_66x16_mem_2_ B2 [66][16];
static int block_30x16_mem_1 B2 [66][16];
static int block_30x16_mem_2_B2 [66][16];

static int partition_A_Counter_B2 = 0;
static int partition_B_Counter_B2 = 0;

/I Control Signals for both Memory Blocks
int write_enable_B1 = 0, write_enable_B2 = 0;
int load_bottom _B1 =0, load_bottom_B2 = 0;
int load _top B1=0, load top B2 =0;

int read LO L1 B1=0,read LO L1 B2=0;
int read L1 L2 B1=0,read L1 L2 B2=0;
int read L2 L3 B1=0,read L2 L3 B2=0;

/I Internal Variable
static int load_Counter = 0;
static int read_Buff_Counter = 0;

I

/I Execution
if (initialize==1) {

write_enable B1 = 1;
if (load_Counter<48) load_bottom_B1 =1;
else load_top_Bl1 =1;

load_Counter++;
if (load_Counter==96) load_Counter = 0;

on_chip_mem (// inputs
write_enable_B1,
address, // 6-bits (i.e. 0 to 47 search pigels)
load_bottom B1,
load_top_B1,
read LO L1 B1,
read L1 L2 B1,
read L2 L3 B1,
block_66x16 _mem_1 B1,
block_66x16_mem_2 B1,
block_30x16_mem_1 B1,
block_30x16_mem_2 B1,
&partition_A_ Counter_B1,
&partition_B_Counter_B1,
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/[ Input Bus
dataln_32_Bytes,

/I Output Buses
dataOut_31 Bytes A,
dataOut_31 Bytes B
).

} // ends if initialize==1
if (read_Buffer_1==1) {

write_enable B2 = 1;

if (load_Counter<48) load_bottom_B2 = 1;
else load_top_B2 =1;
load_Counter++;

if (load_Counter==96) load_Counter = 0;

if (read_Buff_Counter<96){
on_chip_mem (// inputs

write_enable_B2,
address, // 6-bits (i.e. 0 to 47 search pigels)
load_bottom B2,
load_top_B2,
read LO L1 B2,
read L1 L2 B2,
read L2 L3 B2,
block_66x16 _mem_1 B2,
block_66x16_mem_2 B2,
block_30x16_mem_1 B2,
block_30x16_mem_2 B2,
&partition_A_Counter_B2,
&partition_B_Counter_B2,
/[ Input Bus
dataln_32_Bytes,
/I Output Buses
dataOut_31 Bytes A,
dataOut_31 Bytes B
);

}I ends if read_Buff_Counter<96

if (read_Buff_Counter<33) read L0 L1 Bl =1,
else if (read_Buff _Counter<66) read L1 L2 Bl =1;
else read L2 L3 Bl=1;

read_Buff_Counter++;
if (read_Buff_Counter==114) read_Buff _Counter #/@14 = (3*33) + 15

on_chip_mem (// inputs
write_enable_B1,
address, // 6-bits (i.e. 0 to 47 search pigels)
load_bottom B1,
load_top_B1,
read LO L1 B1,
read L1 L2 B1,
read L2 L3 B1,
block_66x16_mem_1 B1,

180



7.2 C Code Files

block_66x16_mem_2 B1,
block_30x16_mem_1 B1,
block_30x16_mem_2 B1,
&partition_A_Counter_B1,
&partition_B_Counter_B1,
/[ Input Bus
dataln_32_Bytes,

/I Output Buses
dataOut_31 Bytes A,
dataOut_31 Bytes B

);
} /l ends if read_Buffer_1
if (read_Buffer_2==1) {

write_enable B1 =1;
if (load_Counter<48) load_bottom B1 = 1;
else load top B1 =1;
load_Counter++;
if (load_Counter==96) load_Counter = 0;
if (read_Buff_Counter<96){
on_chip_mem (// inputs
write_enable_B1,
address, // 6-bits (i.e. 0 to 47 search pigels)
load_bottom B1,
load_top_B1,
read LO L1 B1,
read L1 L2 B1,
read L2 L3 B1,
block_66x16_mem_1 B1,
block_66x16_mem_2 B1,
block_30x16_mem_1 B1,
block_30x16_mem_2 B1,
&partition_A_Counter_B1,
&partition_B_Counter_B1,
/[ Input Bus
dataln_32_Bytes,
/I Output Buses
dataOut_31 Bytes A,
dataOut_31 Bytes B
);
}I ends if read_Buff_Counter<96

lprintf("Read Buffer: %d\n", read_Buff_Counter);

if (read_Buff_Counter<33) read L0 L1 B2 =1,
else if (read_Buff_Counter<66) read_L1 L2 B2 =1;
else read L2 L3 B2=1,;

read_Buff Counter++;
if (read_Buff_Counter==114) read_Buff _Counter F/Q14 = (3*33) + 15

/lprintf("Address: %d\n", address);

on_chip_mem (// inputs
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write_enable_B2,
address, // 6-bits (i.e. 0 to 47 search pigels)
load_bottom B2,
load_top_B2,
read LO L1 B2,
read L1 L2 B2,
read L2 L3 B2,
block_66x16_mem_1 B2,
block_66x16_mem_2 B2,
block_30x16_mem_1 B2,
block_30x16_mem_2 B2,
&partition_A_Counter_B2,
&partition_B_Counter_B2,
/[ Input Bus
dataln_32_Bytes,
/I Output Buses
dataOut_31 Bytes A,
dataOut_31 Bytes B
);

}/l ends if read_Buffer_2

}I ends function dual_buffer
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#include <stdlib.h>
#include <stdio.h>

FILE *fp;
/[ This is the Four_by Four_Block design file.
/I External Functions located in other Project &ile

void Row_Adder_0 (int clk, int reset, int enablet, update_Cur_MB,
int R3_a,int C3_a,int R2_a,int C2_a,int RintaC1 a,int RO_a,int CO_a,
int R3_b,int C3_b,int R2_b,int C2_b,int RIinbC1 b,int RO_b,int CO_b,
int broadcast_bus_select,
int *C3_Reg,
int *C2_Reg,
int *C1_Reg,
int *CO_Reg,
int *PSAD_0_Register);

void Row_Adder_CSA tree (int clk, int reset, inabfe, int update_Cur_MB,

int R3_a,int C3_a,int R2_a,int C2_a,int RintaC1 a,int RO_a,int CO_a,
int R3_b,int C3_b,int R2_b,int C2_b,int RIinbC1 b,int RO_b,int CO_b,
int broadcast_bus_select,

int PSAD_In,

int *C3_Reg,

int *C2_Reg,

int *C1_Reg,

int *CO_Reg,

int *PSAD_Out_Register);

1 1

/I This function acts as a single 4x4 block
/I which combines the 4 Row Adder Trees
/I and produces 1 final PSAD value

void four_by four_block (int clk, int reset, int&nle, int update_Cur_MB,

int broadcast_column_1_a,
int broadcast_column_2_a,
int broadcast_column_3_a,
int broadcast_column_4 a,
int broadcast_column_1 b,
int broadcast_column_2 b,
int broadcast_column_3 b,
int broadcast_column_4 b,

int broadcast_bus_select 1,

int broadcast_bus_select 2,

int broadcast_bus_select_3,

int broadcast_bus_select 4,
int *C3_RowO0, int *C2_RowO0, int *C1_RowO0,tinC0_RowO0,
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int *C3_Rowl1, int *C2_Rowl, int *C1_Row1 tinC0_Rowl,
int *C3_Rowz2, int *C2_Row2, int *C1_Row2 tinC0_Row2,
int *C3_Rowa3, int *C2_Row3, int *C1_Row3tinC0_Row3,

int *PSAD_O,
int *PSAD_1,
int *PSAD_2,
int *PSAD_Out
X

int update_Control_0 = 0;

int update_Control_1 = 0;

int update_Control_2 = 0;

int update_Control_3 = 0;

int PSAD_0_old = *PSAD_0;

int PSAD_1_old = *PSAD_1:
int PSAD_2_old = *PSAD_2:

if  (update_Cur_MB==0) update_Control_0 =1;

else if (update_Cur_MB==1) update_Control_1 =1;
else if (update_Cur_MB==2) update_Control_2 =1,
else if (update_Cur_MB==3) update_Control_3 = 1;

Row_Adder_0 (clk, reset, enable, update_Control_0,
broadcast_column_1 a, broadcast_column_1 a,
broadcast_column_2_a, broadcast_column_2_a,
broadcast_column_3_a, broadcast_column_3_a,
broadcast_column_4_a, broadcast_column_4_a,
broadcast_column_1 b, broadcast_column_1 b,
broadcast_column_2_b, broadcast_column_2 b,
broadcast_column_3 b, broadcast_column_3_ b,
broadcast_column_4_b, broadcast_column_4 b,
broadcast_bus_select 1,

C3_Row0, C2_Row0, C1_Row0, CO_Row0,
PSAD_0);

Row_Adder_CSA _tree (clk, reset, enable, updatetrGbri,
broadcast_column_1 a, broadcast_column_1 a,
broadcast_column_2_a, broadcast_column_2_a,
broadcast_column_3_a, broadcast_column_3_a,
broadcast_column_4_a, broadcast_column_4_a,
broadcast_column_1 b, broadcast_column_1 b,
broadcast_column_2_b, broadcast_column_2 b,
broadcast_column_3 b, broadcast column_3 b,
broadcast_column_4 b, broadcast _column_4 b,
broadcast_bus_select 2,

PSAD_0_old,
C3 _Rowl, C2_Rowl, C1 Rowl, CO_Rowsl,
PSAD_1);

Row_Adder_CSA tree (clk, reset, enable, updatetrGbre,
broadcast_column_1_a, broadcast_column_1_a,
broadcast_column_2_a, broadcast_column_2_a,
broadcast_column_3_a, broadcast_column_3_a,
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broadcast_column_4_a, broadcast_column_4_a,
broadcast_column_1 b, broadcast column_1 b,
broadcast_column_2 b, broadcast column_2 b,
broadcast_column_3 b, broadcast_column_3 b
broadcast_column_4_b, broadcast_column_4 b,
broadcast_bus_select 3,

PSAD_1_old,

C3_Row2, C2_Row2, C1_Row2, CO_Row?2,

PSAD_2);

Row_Adder_CSA _tree (clk, reset, enable, updatetrGbr3,
broadcast_column_1 a, broadcast_column_1 a,
broadcast_column_2_a, broadcast_column_2_a,
broadcast_column_3_a, broadcast_column_3_a,
broadcast_column_4_a, broadcast_column_4_a,
broadcast_column_1 b, broadcast_column_1 b,
broadcast_column_2_b, broadcast_column_2 b,
broadcast_column_3 b, broadcast_column_3_b,
broadcast_column_4_b, broadcast_column_4 b,
broadcast_bus_select 4,

PSAD_2_old,
C3_Row3, C2_Row3, C1_Row3, CO_Rows3,
PSAD_Out);

YI ends the four_by four_block module

1 //
/I This function produces a random integer betw&and 255
int random_int_between_0_and_255(){
double random_float_between_ 0 _and_1 = (float)iah(float) Ox7fff;
int random_int = (int)(random_float_between_0_ahdy 255);
if (random_int>255){
printf("\n\nError with the Random Number Geneuatl');
printf("\n\nThe Random Number produced is: %d\nkandom_int);
exit(0);

}

return random_int;
}I ends the random_into_between_0_and_255 function

I 1

void test_four_by four_block(){

int broadcast_column_1_a;
int broadcast_column_2_a;
int broadcast_column_3_a;
int broadcast_column_4_a;
int broadcast_column_1_b;
int broadcast_column_2_b;
int broadcast_column_3_b;
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int broadcast_column_4 b;

int broadcast_bus_select 1 =0;
int broadcast bus_select 2 =0;
int broadcast_bus_select 3 =0;
int broadcast bus_select 4 =0;

int C3_Row0, C2_Row0, C1_Row0, CO_Rowo0;
int C3_Rowl, C2_Rowl, C1_Rowl, CO_Rowl;
int C3_Row2, C2_Row2, C1_Row2, CO_Row?2;
int C3_Row3, C2_Row3, C1_Row3, CO_Rows3;

int PSAD_0 = O;
int PSAD_1 = 0;
int PSAD_2 = 0;

int PSAD_Out = 0;

int test_Case;
int update_Cur_MB;

if ((fp = fopen("output.txt", "w"))==NULL){
fprintf(fp, "\n\n Can not open the output fil@\n");
exit(1);

}

for (test_Case = 0; test_Case<10; test_Case++){

if  (test_Case>3) update_Cur_MB = 4;
else update_Cur_MB = (test_Case%4);
[ffprintf(fp, "\n\nupdate_Cur_MB with in main te$tod\n\n", update_Cur_MB);

broadcast_column_1 a =random_int_between_0_ai);25
broadcast_column_2_a =random_int_between_0_ai);25
broadcast_column_3_a =random_int_between_0_ai{);25
broadcast_column_4_a =random_int_between_0_aiq{);25
broadcast_column_1_b =random_int_between_0_ark{);25
broadcast_column_2_b =random_int_between_0_ark{);25
broadcast_column_3_b =random_int_between_0_ark{);25
broadcast_column_4_b =random_int_between_0_ark{);25
fprintf(fp, "broadcast: %d %d %d %d\n\n", breadt _column_1_a,
broadcast_column_2_a,
broadcast_column_3_a,
broadcast_column_4_a);

//1,0,1 corresponds to clk=1, reset=0,and enalile
four_by four_block (1,0,1,update_Cur_MB,
broadcast_column_1 a,
broadcast_column_2_a,
broadcast_column_3_a,
broadcast_column_4_a,
broadcast_column_1 b,
broadcast_column_2_b,
broadcast_column_3 b,
broadcast_column_4 b,
broadcast_bus_select 1,
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broadcast_bus_select 2,

broadcast_bus_select 3,

broadcast_bus_select 4,
&C3_Row0, &C2_Row0, &C1_Row0, &C0_RowoO,
&C3_Rowl, &C2_Rowl, &C1_Rowl, &C0_Rowl,
&C3_Row2, &C2_Row2, &C1_Row2, &C0_Row2,
&C3_Row3, &C2_Row3, &C1_Row3, &C0_Rowa3,
&PSAD_Q0,
&PSAD_1,
&PSAD_2,
&PSAD_Out

)i
fprintf(fp, "\n\nAfter Clock Cycle: %d\n\n", (tesCase+1));

/*
fprintf(fp, "%d %d %d %d\n\n", C3_Row0,C2_Rowd, Row0,C0_Row0);
fprintf(fp, "%d %d %d %d\n\n", C3_Rowl1,C2_Rowl, Rowl,CO Rowl);
fprintf(fp, "%d %d %d %d\n\n", C3_Row2,C2_Rowad, Row2,C0_Row2);
fprintf(fp, "%d %d %d %d\n\n", C3_Row3,C2_Row3, Row3,C0_Row3);
*/

fprintf(fp, "PSAD_0: %d\n\n", PSAD_0);

fprintf(fp, "PSAD_1: %d\n\n", PSAD_1);

fprintf(fp, "PSAD_2: %d\n\n", PSAD_2);

fprintf(fp, "PSAD_Out: %d\n\n", PSAD_Out);

}I ends the test_Case loop (after 1000 test ¢ases
fclose(fp);

}I ends test_four_by four_block()
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#include <stdlib.h>
#include <stdio.h>

FILE *bus_A;

/I This function coverts 4, 32 bit integer values

/I into their equivalent 32 bit binary string repeatation.
/I Each 32-bit integer is first truncated to 8-lutdy

/I (this is acceptable, since the int value is §sv256),

/I then each of the 4 8-bit truncated int valuesaranged
/I from left to right to form a 32-bit bus line.

char* int2Bin(int a, int b, int c, int d) {

char *str;

int cnt = 31;

str = (char *) malloc(33); /* 32 + 1, becoz it82 bit bin number */
while (cnt > -1 ){

str[cnt]="0";
cnt --;
}
cnt = 31;
while (d > 0){
if (d%2==1){
str[cnt] = '1"
}
cnt--;
d=d/2;
}
cnt = 23;
while (¢ > 0){
if (c%2==1){
strlent] = '17
}
cnt--;
c=cl2;
}
cnt = 15;
while (b > 0){
if (0%2==1){
strlent] = '17
}
cnt--;
b=b/2;
}
cnt=17,
while (a > 0){
if (a%2==1){
str[cnt] = '1"

188



7.2 C Code Files

}
cnt--;
a=al2;
}

str[32] = "\0";
return str;

} /l ends int2Bin

void test_int2Bin(){

intA=2;

intB = 3;

int C = 4;

int D = 5;

if (bus_A = fopen("bus_A.txt", "w"))==NULL){
fprintf(bus_A, "\n\n Can not open the bus_A auitfile. \n\n");
exit(1);

}

fprintf(bus_A,"\nThe Binary Value is: %s\n", intRRA,B,C,D));
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#include <stdlib.h>
#include <stdio.h>

/I This function coverts an Integer Value
/I into its equivalent 13-bit binary value.

char* int2Bin_13bits(int a) {
char *str;
intcnt =12;
str = (char *) malloc(14); /* 32 + 1, becauseait82 bit bin number */
while (cnt > -1 ){
str[cnt]="0";
cnt --;

}

cnt=12;
while (a > 0){
if (a%2==1){
strlent] = '17
}
cnt--;
a=al2;
}

str[13] = "\0";
return str;

} /l ends int2Bin_13bits
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#include <stdlib.h>
#include <stdio.h>

/I This function coverts an Integer Value
/I into its equivalent 14-bit binary value.

char* int2Bin_14bits(int a) {
char *str;
intcnt =13;
str = (char *) malloc(15); /* 32 + 1, becauseait82 bit bin number */
while (cnt > -1 ){
str[cnt]="0";
cnt --;

}

cnt = 13;
while (a > 0){
if (a%2==1){
strlent] = '17
}
cnt--;
a=al2;
}

str[14] = 0"
return str;

} /l ends int2Bin_14bits
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#include <stdlib.h>
#include <stdio.h>

/I This function coverts an Integer Value
/I into its equivalent 15-bit binary value.

char* int2Bin_15bits(int a) {
char *str;
int cnt = 14;
str = (char *) malloc(16); /* 32 + 1, becauseait82 bit bin number */
while (cnt > -1 ){
str[cnt]="0";
cnt --;

}

cnt = 14;
while (a > 0){
if (a%2==1){
strlent] = '17
}
cnt--;
a=al2;
}

str[15] = \0";
return str;

} /l ends int2Bin_15bits
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#include <stdlib.h>
#include <stdio.h>

/I This function coverts an Integer Value
/I into its equivalent 16-bit binary value.

char* int2Bin_16bits(int a) {
char *str;
int cnt = 15;
str = (char *) malloc(17); /* 32 + 1, becauseait82 bit bin number */
while (cnt > -1 ){
str[cnt]="0";
cnt --;

}

cnt = 15;
while (a > 0){
if (a%2==1){
strlent] = '17
}
cnt--;
a=al2;
}

str[16] = 0"
return str;

} /l ends int2Bin_16bits
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#include <stdlib.h>
#include <stdio.h>

/I This function coverts an Integer Value
/I into its equivalent 17-bit binary value.

char* int2Bin_17bits(int a) {
char *str;
int cnt = 16;
str = (char *) malloc(18); /* 32 + 1, becauseait82 bit bin number */
while (cnt > -1 ){
str[cnt]="0";
cnt --;

}

cnt = 16;
while (a > 0){
if (a%2==1){
strlent] = '17
}
cnt--;
a=al2;
}

str[17] = "\0";
return str;

} // ends int2Bin_17bits
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#include <stdlib.h>
#include <stdio.h>

/I This function coverts an Integer Value betweBrahd O
/I to its equivalent 4-bit binary value.

char* int2Bin_4bits(int a) {
char *str;
int cnt = 3;
str = (char *) malloc(5); /* 32 + 1, becausedt82 bit bin number */
while (cnt > -1 ){
str[cnt]="0";
cnt --;

}

cnt=3;
while (a > 0){
if (a%2==1){
strlent] = '17
}
cnt--;
a=al2;
}

str[4] = "\0";
return str;

} /l ends int2Bin_4bits
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#include <stdlib.h>
#include <stdio.h>

/I This function coverts an Integer Value betweérafd O
/I to its equivalent 5-bit binary value.

char* int2Bin_5bits(int a) {
char *str;
int cnt = 4;
str = (char *) malloc(6); /* 32 + 1, becausedt82 bit bin number */
while (cnt > -1 ){
str[cnt]="0";
cnt --;

}

cnt =4;
while (a > 0){
if (a%2==1){
strlent] = '17
}
cnt--;
a=al2;
}

str[5] = "\0";
return str;

} /l ends int2Bin_5bits
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#include <stdlib.h>
#include <stdio.h>

/[ This is the main calling program.
/I External Functions located in other Project §ile

void test PE_AD();

void test Row_Adder_CSA_tree();
void test_main_data_path();

void test_main_data_path_bottom();
void test_main_data_path_top();
void test_int2Bin();

void test_mem();

1

int main(void)

{

/ltest PE_AD();

/ltest._ Row_Adder_CSA _tree();
I/ltest_four_by four_block();
/ltest_main_data_path_top();
/ltest_main_data_path_bottom();

[/ltest_int2Bin();
printf("\M\NSTARTING...\n\n");

Iltest_mem();
test_dual_buff();

printf("\n\nlf NO Error Messages are Displayed a&a");
printf("then the testing was completely Succed$g&fih");

return O;
} /lends main
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#include <stdlib.h>
#include <stdio.h>

FILE *fp;
/I This is the main_data_path design file file.
/I External Functions located in other Project &ile

void four_by four_block (int clk, int reset, int&ole, int update_Cur_MB,

int broadcast_column_1 a,
int broadcast_column_2_a,
int broadcast_column_3_a,
int broadcast_column_4_a,
int broadcast_column_1 b,
int broadcast_column_2 b,
int broadcast_column_3 b,
int broadcast_column_4 b,

int broadcast_bus_select 1,

int broadcast_bus_select 2,

int broadcast_bus_select_3,

int broadcast_bus_select 4,
int *C3_Rowo0, int *C2_Row0, int *C1_Row0tinC0_Row0,
int *C3_Rowl, int *C2_Rowl, int *C1_Row1 tinC0_Rowl,
int *C3_Row2, int *C2_Row2, int *C1_Row2,tinC0_Row2,
int *C3_Rowg3, int *C2_Row3, int *C1_Row3,tinC0_Rows3,
int *PSAD_O,
int *PSAD_1,
int *PSAD_2,
int *PSAD_Out
)i

1 1

void main_data_path (
I/ Input Wires & Buses
int clk, int reset, int enable, int updater QUB,

int broadcast_column_1_a,
int broadcast_column_2_a,
int broadcast_column_3_a,
int broadcast_column_4 a,
int broadcast_column_5_a,
int broadcast_column_6_a,
int broadcast_column_7_a,
int broadcast_column_8 a,
int broadcast_column_9 a,
int broadcast_column_10_a,
int broadcast_column_11 a,
int broadcast_column_12_a,
int broadcast_column_13_a,
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int broadcast_column_14 a,
int broadcast_column_15 a,
int broadcast_column_16_a,

int broadcast_column_1 b,
int broadcast_column_2 b,
int broadcast_column_3 b
int broadcast_column_4 b,
int broadcast_column_5 b,
int broadcast_column_6_b,
int broadcast_column_7 b,
int broadcast_column_8 b,
int broadcast_column_9 b,
int broadcast_column_10 b,
int broadcast_column_11 b,
int broadcast_column_12 b,
int broadcast_column_13 b,
4 b,
5 b,
6_b,

int broadcast_column_1
int broadcast_column_1
int broadcast_column_1

int broadcast_bus_select,
/I Ouput Registers

/I The 16 4x4 SAD output registers, labelgadw/column

int *B4x4_00_out, int *B4x4_01_out, int *B4x@2_out, int *B4x4_03_out,
int *B4x4_10_out, int *B4x4_11_out, int *B4x42_out, int *B4x4_13_out,
int *B4x4_20_out, int *B4x4_21 out, int *B4x22_out, int *B4x4_23 out,
int *B4x4_30_out, int *B4x4_31 out, int *B4x82_out, int *B4x4_33_out,

/l The 8 4x8 SAD output registers, labeleddy/column
int *B4x8_00_out, int *B4x8_01_out, int *B4x82_out, int *B4x8_03_oult,
int *B4x8 10 _out, int *B4x8_11 out, int *B4x&2_ out, int *B4x8 13 out,

/I The 8 8x4 SAD output registers, labeleddy/column
int *B8x4_00_out, int *B8x4 01 out,
int *B8x4_10_out, int *B8x4 11 out,
int *B8x4_20_out, int *B8x4_21 out,
int *B8x4_30_out, int *B8x4_31 out,

Il The 4 8x8 SAD output registers, labeleddwy/column
int *B8x8_00_out, int *B8x8_ 01 out,
int *B8x8 10 _out, int *B8x8_11 out,

/I The 2 8x16 SAD output registers, labelgablumn
int *B8x16_0_out, int *B8x16_1 out,

/I The 2 16x8 SAD output registers, labelgddw
int *B16x8 0_out, int *B16x8_1 out,

/ The 1 16x16 SAD output register
int *B16x16_out
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A

/I Internal Registers

static int C3_Row0_1;
static int C3_Row1_1;
static int C3_Row2_1;
static int C3_Row3_1;
static int C3_Row4_1;
static int C3_Row5_1;
static int C3_Row6_1;
static int C3_Row7_1;
static int C3_Row8_1;
static int C3_Row9_1;

static int C2_Row0_1;
static int C2_Rowl_1;
static int C2_Row2_1;
static int C2_Row3_1;
static int C2_Row4_1;
static int C2_Row5_1;
static int C2_Row6_1;
static int C2_Row7_1;
static int C2_Row8_1;

static int C2_Row9_1;

stati C1_Row0_1;
stati C1_Rowl 1;
stati C1_Row2_1;
statt C1_Row3_1;
stati C1_Row4_1;
statt C1_Row5_1;
statt C1_Row6_1;
statt C1_Row7_1;
statt C1_Row8_1;

statt C1_Row9 _1;

static int CO_Row0_1;
static int CO_Rowl_1;
static int CO_Row2_1;
static int CO_Row3_1;
static int CO_Row4_1;
static int CO_Row5_1;
static int CO_Row6_1;
static int CO_Row7_1;
static int CO_Row8_1;
static int CO_Row9_1;

static int C3_Row10_1; static int C2_Row10_1; statt C1_Row10_1; static int CO_Row10
static int C3_Row11_1; static int C2_Row11_1,; statt C1_Rowl11 1; static int CO_Row11 1;
static int C3_Row12_1; static int C2_Row12_1; statt C1_Row12_1 static int CO_Row12_1;

static int C3_Row13_1; static int C2_Row13_1; statt C1_Row13_1; static int CO_Row13_1;
static int C3_Row14_1; static int C2_Row14 1, statt C1_Row14 1; static int CO_Row14 1;
static int C3_Row15_1; static int C2_Row15_1; statt C1_Row15_1; static int CO_Row15_1;

static int C3_Row0_2;
static int C3_Rowl_2;
static int C3_Row2_2;
static int C3_Row3_2;
static int C3_Row4_2;
static int C3_Row5_2;
static int C3_Row6_2;
static int C3_Row7_2;
static int C3_Row8_2;
static int C3_Row9_2;

static int C2_Row0_2;
static int C2_Rowl_2;
static int C2_Row2_2;
static int C2_Row3_2;
static int C2_Row4_2;
static int C2_Row5_2;
static int C2_Row6_2;
static int C2_Row7_2;
static int C2_Row8_2;

static int C2_Row9_2;

statt C1_RowO0_2;
statt C1_Rowl_2;
statt C1_Row2_2;
statt C1_Row3_2;
statt C1_Row4_2;
stati C1_Row5b_2;
stati C1_Row6_2;
statt C1_Row7_2;
stati C1_Row8_2;

stati C1_Row9_2;

static int CO_Row0_2;
static int CO_Rowl_2;
static int CO_Row2_2;
static int CO_Row3_2;
static int CO_Row4_2;
static int CO_Row5_2;
static int CO_Row6_2;
static int CO_Row7_2;
static int CO_Row8_2;
static int CO_Row9_2;

static int C3_Row10_2; static int C2_Row10_2; statt C1_Row10_2; static int CO_Row10_
static int C3_Rowl1_2; static int C2_Rowl11l 2; stait C1_Rowll 2; static int CO_Rowll 2;
static int C3_Row12_2; static int C2_Row12_2; statt C1_Rowl12_2; static int CO_Row12_2;

static int C3_Row13_2; static int C2_Row13_2; statt C1_Rowl13_2; static int CO_Row13_2;
static int C3_Row14_2; static int C2_Row14_2; statt C1_Rowl14 _2; static int CO_Row14_2;
static int C3_Row15_2; static int C2_Row15_2; statt C1_Rowl15_2; static int CO_Row15_2;

static int C3_Row0_3;
static int C3_Row1_3;
static int C3_Row2_3;
static int C3_Row3_3;
static int C3_Row4_3;
static int C3_Row5_3;
static int C3_Row6_3;
static int C3_Row7_3;
static int C3_Row8_3;
static int C3_Row9_3;

static int C2_Row0_3;
static int C2_Rowl_3;
static int C2_Row2_3;
static int C2_Row3_3;
static int C2_Row4_3;
static int C2_Row5_3;
static int C2_Row6_3;
static int C2_Row7_3;
static int C2_Row8_3;

static int C2_Row9_3;

statt C1_Row0_3;
stati C1_Rowl_3;
stati C1_Row2_3;
stati C1_Row3_3;
stati C1_Row4_3;
statt C1_Row5_3;
statt C1_Row6_3;
statt C1_Row7_3;
statt C1_Row8_3;

statt C1_Row9_3;

static int CO_Row0_3;
static int CO_Rowl_3;
static int CO_Row2_3;
static int CO_Row3_3;
static int CO_Row4_3;
static int CO_Row5_3;
static int CO_Row6_3;
static int CO_Row7_3;
static int CO_Row8_3;
static int CO_Row9_3;

static int C3_Row10_3; static int C2_Row10_3; statt C1_Row10_3; static int CO_Row10
static int C3_Row11_3; static int C2_Row11_3; statt C1_Rowl1_3; static int CO_Row11l_3;
static int C3_Row12_3; static int C2_Row12_3; statt C1_Row12_3 static int CO_Row12_3;

static int C3_Row13_3; static int C2_Row13_3; statt C1_Rowl13_3; static int CO_Row13_3;
static int C3_Row14_3; static int C2_Row14_3; statt C1_Row14 _3; static int CO_Row14_3;
static int C3_Row15_3; static int C2_Row15_3; statt C1_Rowl15_3; static int CO_Row15_3;
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static int C3_Row0_4; static int C2_Row0_4; statt C1L_Row0_4; static int CO_Row0_4;
static int C3_Rowl_4; static int C2_Rowl_4; statt C1_Rowl 4; static int CO_Rowl_4;
static int C3_Row2_4; static int C2_Row?2_4; statt C1_Row2_4; static int CO_Row2_4;
static int C3_Row3_4; static int C2_Row3_4; statt C1_Row3_4; static int CO_Row3_4;
static int C3_Row4_4; static int C2_Row4_4; statt C1_Row4 _4; static int CO_Row4_4;
static int C3_Row5_4; static int C2_Row5_4; statt C1_Row5_4; static int CO_Row5_4;
static int C3_Row6_4; static int C2_Row6_4; statt C1_Row6_4; static int CO_Row6_4;
static int C3_Row7_4; static int C2_Row7_4; statt C1_Row7_4; static int CO_Row7_4;
static int C3_Row8_4; static int C2_Row8_4; statt C1_Row8 4; static int CO_Row8_4;
static int C3_Row9 4, static int C2_Row9_4; statt C1L_Row9 4; static int CO_Row9_4;
static int C3_Row10_4; static int C2_Row10_4; statt C1_Row10_4; static int CO_Row10_4;
static int C3_Row11_4; static int C2_Row11_4; statt C1_Rowl11_4; static int CO_Row11_4;
static int C3_Row12_4; static int C2_Row12_4; statt C1_Rowl12_4; static int CO_Row12_4;
static int C3_Row13_4; static int C2_Row13_4; statt C1_Rowl13_4; static int CO_Row13_4;
static int C3_Row14_4; static int C2_Row14_4; statt C1_Row14 4; static int CO_Row14 4;
static int C3_Row15_4; static int C2_Row15_4; statt C1_Rowl15_4; static int CO_Row15 4;

static int PSAD_0_11; static int PSAD_0_12; tistant PSAD_0_13; static int PSAD_0_14;
static int PSAD_1 11; staticint PSAD_1 12; tistant PSAD_1 13; static int PSAD_1 14;
static int PSAD_2_11; static int PSAD_2_12; tistant PSAD_2_13; static int PSAD_2_14;
static int PSAD_Out_00; static int PSAD_Out_01tistant PSAD_Out_02; static int PSAD_Out_03;

static int PSAD_0_21; static int PSAD_0_22; tistant PSAD_0_23; static int PSAD_0_24;
static int PSAD_1_21; static int PSAD_1_22; tistant PSAD_1_23; static int PSAD_1_24;
static int PSAD_2_21; static int PSAD_2_22; tistant PSAD_2_23; static int PSAD_2_24;
static int PSAD_Out_10; static int PSAD_Out_11tistant PSAD_Out_12; static int PSAD_Out_13;

static int PSAD_0_31; static int PSAD_0_32; tistant PSAD_0_33; static int PSAD_0_34;
static int PSAD_1 31; static int PSAD_1_32; tistant PSAD_1 33; static int PSAD_1_ 34;
static int PSAD_2 31; static int PSAD_2_32; tistant PSAD_2_ 33; static int PSAD_2_34;
static int PSAD_Out_20; static int PSAD_Out_21tistant PSAD_Out_22; static int PSAD_Out_23;

static int PSAD_0_41; static int PSAD_0_42; tistant PSAD_0_43; static int PSAD_0_44;
static int PSAD_1_41; static int PSAD_1_42; tistant PSAD_1_43; static int PSAD_1_44;
static int PSAD_2_41; static int PSAD_2_42; tistant PSAD_2_43; static int PSAD_2_44;
static int PSAD_Out_30; static int PSAD_Out_31tistant PSAD_Out_32; static int PSAD_Out_33;

static int delayed4 1 11; static int delayed4 1 st&jc int delayed4 1 13; static int delayed4_1 14
static int delayed4 2 11; static int delayed4 2 st&jc int delayed4 2 13; static int delayed4_2 14
static int delayed4 3 11; static int delayed4 3 st&jc int delayed4 3 13; static int delayed4_3 14
static int delayed4 4 11; static int delayed4 4 st&jc int delayed4 4 13; static int delayed4_4 14

static int delayed4_1 21; static int delayed4_1 sP@jc int delayed4 1 23; static int delayed4_1 24
static int delayed4_2_21; static int delayed4_2 sP@jc int delayed4 2 _23; static int delayed4_2 24
static int delayed4 3 21; static int delayed4_3 sP&jc int delayed4 3_23; static int delayed4_3 24
static int delayed4_4_21; static int delayed4_4 sk@jc int delayed4_4_23; static int delayed4_4_24

static int delayed8_ 1 1; static int delayed8 1
static int delayed8 2 1; static int delayed8 2
static int delayed8_ 3 1; static int delayed8 3
static int delayed8_ 4 1; static int delayed8 4
static int delayed8 5 1; static int delayed8 5
static int delayed8 6 1; static int delayed8 6

2
2
2
2.
2
2
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static int delayed8_7_1; static int delayed8 _7_2;
static int delayed8 8 1; static int delayed8 8 2;

int update_Control_row_1 = 4;// initialized to vaki
int update_Control_row_2 = 4;// that are not used
int update_Control_row_3 = 4;
int update_Control_row_4 = 4;

int broadcast_bus_select 1 =1;
int broadcast_bus_select 2 =1;
int broadcast_bus_select 3 =1;
int broadcast_bus_select 4 = 1;
int broadcast_bus_select 5=1;
int broadcast_bus_select 6 = 1;
int broadcast_bus_select 7 =1;
int broadcast_bus_select 8 =1;
int broadcast_bus_select_9 = 1;
int broadcast_bus_select_10 = 1;
int broadcast_bus_select 11 =1;

int broadcast_bus_select 12 = 1;
int broadcast_bus_select 13 = 1;
int broadcast_bus_select 14 =1,
int broadcast_bus_select 15 =1,
int broadcast_bus_select 16 = 1,

if  (update_Cur_MB==0) update_Control_row_0;=

else if (update_Cur_MB==1) update_Control_row _1;=
else if (update_Cur_MB==2) update_Control_row &;=
else if (update_Cur_MB==3) update_Control_row 3;=
else if (update_Cur_MB==4) update_Control_row @;=
else if (update_Cur_MB==5) update_Control_row P;=
else if (update_Cur_MB==6) update_Control_row_2;=
else if (update_Cur_MB==7) update_Control_row_2;=
else if (update_Cur_MB==8) update_Control_row _@;=
else if (update_Cur_MB==9) update_Control_row_B;=
else if (update_Cur_MB==10) update_Control_row 3B =
else if (update_Cur_MB==11) update_Control_row 3 =
else if (update_Cur_MB==12) update_Control_row @ =
else if (update_Cur_MB==13) update_Control_row % =
else if (update_Cur_MB==14) update_Control_row 2Z =
else if (update_Cur_MB==15) update_Control_row 3 =

if  (broadcast_bus_select==0){
broadcast_bus_select 1 =0;
broadcast_bus_select 2 = 0;
broadcast_bus_select 3 =0;
broadcast_bus_select 4 = 0;
broadcast_bus_select 5 =0;
broadcast_bus_select 6 =0;
broadcast_bus_select 7 =0;
broadcast_bus_select 8 = 0;
broadcast_bus_select 9 =0;
broadcast_bus_select 10 = 0;
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broadcast_bus_select 11 =0;
broadcast_bus_select 12 = 0;
broadcast_bus_select 13 = 0;
broadcast_bus_select 14 = 0;
broadcast_bus_select 15 = 0;
broadcast_bus_select 16 = 0;

else if (broadcast_bus_select==1){
broadcast_bus_select 1 =0;

else if (broadcast_bus_select==2){
broadcast_bus_select 1 =0;
broadcast_bus_select 2 = 0;

else if (broadcast_bus_select==3){
broadcast_bus_select 1 =0;
broadcast_bus_select 2 =0;
broadcast_bus_select 3 =0;

else if (broadcast_bus_select==4){
broadcast_bus_select 1 =0;
broadcast_bus_select 2 = 0;
broadcast_bus_select 3 = 0;
broadcast_bus_select 4 = 0;

else if (broadcast_bus_select==5){
broadcast_bus_select 1 =0;
broadcast_bus_select 2 =0;
broadcast_bus_select 3 =0;
broadcast_bus_select 4 =0;
broadcast_bus_select 5 =0;

else if (broadcast_bus_select==6){
broadcast_bus_select 1 =0;
broadcast_bus_select 2 = 0;
broadcast_bus_select 3 = 0;
broadcast_bus_select 4 = 0;
broadcast_bus_select 5 =0;
broadcast_bus_select 6 =0;

else if (broadcast_bus_select==7){
broadcast_bus_select 1 =0;
broadcast_bus_select 2 =0;
broadcast_bus_select 3 = 0;
broadcast_bus_select 4 = 0;
broadcast_bus_select 5 =0;
broadcast_bus_select 6 = 0;
broadcast_bus_select 7 = 0;

else if (broadcast_bus_select==8){
broadcast_bus_select 1 =0;
broadcast_bus_select 2 =0;
broadcast_bus_select 3 =0;
broadcast_bus_select 4 = 0;
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broadcast_bus_select
broadcast_bus_select_
broadcast_bus_select
broadcast_bus_select

oo ~NOo Ol
o

eeee

else if (broadcast_bus_select==9){
broadcast_bus_select 1 =0;
broadcast_bus_select 2 =0;
broadcast_bus_select 3 =0;
broadcast_bus_select 4 = 0;
broadcast_bus_select 5 =0;
broadcast_bus_select 6 = 0;
broadcast_bus_select 7 = 0;
broadcast_bus_select 8 = 0;
broadcast_bus_select 9 = 0;

else if (broadcast_bus_select==10){
broadcast_bus_select 1 =0;
broadcast_bus_select 2 =0;
broadcast_bus_select 3 =0;
broadcast_bus_select 4 = 0;
broadcast_bus_select 5 =0;
broadcast_bus_select 6 = 0;
broadcast_bus_select 7 = 0;
broadcast_bus_select 8 = 0;
broadcast_bus_select 9 = 0;
broadcast_bus_select 10 = 0;

else if (broadcast_bus_select==11){
broadcast_bus_select 1 =0;
broadcast_bus_select 2 =0;
broadcast_bus_select 3 =0;
broadcast_bus_select 4 = 0;
broadcast_bus_select 5 =0;
broadcast_bus_select 6 = 0;
broadcast_bus_select 7 = 0;
broadcast_bus_select 8 = 0;
broadcast_bus_select 9 = 0;
broadcast_bus_select 10 = 0;
broadcast_bus_select 11 = 0;

else if (broadcast_bus_select==12){
broadcast_bus_select 1 =0;
broadcast_bus_select 2 = 0;
broadcast_bus_select 3 =0;
broadcast_bus_select 4 = 0;
broadcast_bus_select 5 =0;
broadcast_bus_select 6 = 0;
broadcast_bus_select 7 = 0;
broadcast_bus_select 8 = 0;
broadcast_bus_select 9 =0;
broadcast_bus_select 10 = 0;
broadcast_bus_select 11 = 0;
broadcast_bus_select 12 = 0;
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else if (broadcast_bus_select==13){
broadcast_bus_select 1 =0;
broadcast_bus_select 2 =0;
broadcast_bus_select 3 =0;
broadcast_bus_select 4 = 0;
broadcast_bus_select 5 =0;
broadcast_bus_select 6 = 0;
broadcast_bus_select 7 =0;
broadcast_bus_select 8 = 0;
broadcast_bus_select 9 = 0;

broadcast_bus_select 10 = 0;
broadcast_bus_select 11 =0;
broadcast_bus_select 12 = 0;

broadcast_bus_select 13 = 0;

else if (broadcast_bus_select==14){
broadcast_bus_select 1 =0;
broadcast_bus_select 2 =0;
broadcast_bus_select 3 =0;
broadcast_bus_select 4 = 0;
broadcast_bus_select 5 =0;
broadcast_bus_select 6 = 0;
broadcast_bus_select 7 = 0;
broadcast_bus_select 8 = 0;
broadcast_bus_select 9 = 0;
broadcast_bus_select 10 = 0;
broadcast_bus_select 11 = 0;
broadcast_bus_select 12 = 0;
broadcast_bus_select 13 = 0;
broadcast_bus_select 14 = 0;

else if (broadcast_bus_select==15){
broadcast_bus_select 1 =0;
broadcast_bus_select 2 = 0;
broadcast_bus_select 3 = 0;
broadcast_bus_select 4 = 0;
broadcast_bus_select 5 =0;
broadcast_bus_select 6 =0;
broadcast_bus_select 7 = 0;
broadcast_bus_select 8 = 0;
broadcast_bus_select 9 =0;
broadcast_bus_select 10 = 0;
broadcast_bus_select 11 =0;
broadcast_bus_select 12 = 0;
broadcast_bus_select 13 = 0;
broadcast_bus_select 14 = 0;
broadcast_bus_select 15 = 0;

1 Instantiations

/14x4: 1,1
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four_by four_block (clk, reset, enable, update_t@dnrow 1,
broadcast_column_1 a,
broadcast_column_2_a,
broadcast_column_3_a,
broadcast_column_4_a,
broadcast_column_1 b,
broadcast_column_2 b,
broadcast_column_3_b,
broadcast_column_4 b,
broadcast_bus_select 1,
broadcast_bus_select 2,
broadcast_bus_select 3,
broadcast_bus_select 4,
&C3 Row0_1, &C2_Row0_1, &C1 Row0_1, &CO_Rov0)
&C3 Rowl 1, &C2 Rowl 1, &C1 Rowl 1, &CO_Rovl
&C3 Row2_1, &C2_Row2_1, &C1_Row2_1, &CO_Row?
&C3 Row3_1, &C2_Row3_1, &C1_Row3_1, &CO_Row3
&PSAD_0_11,
&PSAD_1_11,
&PSAD_2 11,
&PSAD_Out_00

);

/I 4x4: 1,2
four_by four_block (clk, reset, enable, update_t@dnrow 1,
broadcast_column_5_a,
broadcast_column_6_a,
broadcast_column_7_a,
broadcast_column_8_a,
broadcast_column_5 b,
broadcast_column_6_b,
broadcast_column_7_b,
broadcast_column_8 b,
broadcast_bus_select 1,
broadcast_bus_select 2,
broadcast_bus_select 3,
broadcast_bus_select 4,
&C3 Row0 2, &C2_Row0_2, &C1 Row0_2, &C0_Row0)
&C3 Rowl_2, &C2_Rowl_2, &C1 _Rowl_2, &CO_Rowl
&C3 Row2_2, &C2_Row2_2, &C1_Row2_2, &CO0_Row?
&C3 Row3_2, &C2_Row3_2, &C1_Row3_2, &C0_Row3
&PSAD_0_12,
&PSAD_1_12,
&PSAD 2 12,
&PSAD_Out 01

);

/l4x4:1,3

four_by four_block (clk, reset, enable, update_t@dnrow 1,
broadcast_column_9 _a,
broadcast_column_10_a,
broadcast_column_11 a,
broadcast_column_12_a,
broadcast_column_9 b,
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broadcast_column_10 b,

broadcast_column_11 b,

broadcast_column_12 b,

broadcast_bus_select 1,

broadcast_bus_select 2,

broadcast_bus_select_3,

broadcast_bus_select 4,

&C3 _Row0_3, &C2_Row0_3, &C1_Row0_3, &CO0_Row)
&C3 Rowl_3, &C2_Rowl_3, &C1 _Rowl_3, &CO_Rowl
&C3 Row2_3, &C2_Row2_3, &C1 _Row2_3, &C0_Ro0w82
&C3 Row3_3, &C2_Row3_3, &C1 _Row3_3, &C0_Ro0\83
&PSAD_0 13,

&PSAD_1 13,

&PSAD_2 13,

&PSAD_Out_02

);

Il 4x4: 1,4
four_by four_block (clk, reset, enable, update_t@dnrow 1,
broadcast_column_13_a,
broadcast_column_14 a,
broadcast_column_15 a,
broadcast_column_16_a,
broadcast_column_13 b,
broadcast_column_14 b,
broadcast_column_15 b,
broadcast_column_16 b,
broadcast_bus_select 1,
broadcast_bus_select 2,
broadcast_bus_select_3,
broadcast_bus_select 4,
&C3 _Row0_4, &C2_Row0_4, &C1_Row0_4, &C0_Row0)
&C3 Rowl 4, &C2 Rowl 4, &C1 Rowl_4, &CO0_Rowl
&C3 Row2_4, &C2_Row2_4, &C1 _Row2_4, &C0_Row?
&C3 Row3_4, &C2_Row3_4, &C1_Row3_4, &C0_Row3
&PSAD_0 14,
&PSAD_1 14,
&PSAD 2 14,
&PSAD_Out_03

);
Il

/I 4x4: 2,1

four_by four_block (clk, reset, enable, update_t@dnrow 2,
broadcast_column_1 a,
broadcast_column_2_a,
broadcast_column_3_a,
broadcast_column_4_a,
broadcast_column_1 b,
broadcast_column_2 b,
broadcast_column_3_b,
broadcast_column_4 b,
broadcast_bus_select 5,
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broadcast_bus_select 6,

broadcast_bus_select 7,

broadcast_bus_select 8,

&C3 Row4_1, &C2_Row4_1, &C1_Row4_1, &CO_Row4
&C3 Row5_1, &C2_Row5_1, &C1_Row5_1, &CO_Rov5
&C3 Row6_1, &C2_Row6_1, &C1_Row6_1, &CO_Row6
&C3 Row7_1, &C2_Row7_1, &C1_Row7_1, &CO_Row7
&PSAD_0_21,

&PSAD_1_21,

&PSAD 2 21,

&PSAD_Out_10

);

Il 4x4: 2,2
four_by four_block (clk, reset, enable, update_t@dnrow_2,
broadcast_column_5_a,
broadcast_column_6_a,
broadcast_column_7_a,
broadcast_column_8_a,
broadcast_column_5 b,
broadcast_column_6_b,
broadcast_column_7 b,
broadcast_column_8 b,
broadcast_bus_select 5,
broadcast_bus_select 6,
broadcast_bus_select 7,
broadcast_bus_select_8,
&C3 Row4_2, &C2_Row4_2, &C1_Row4_2, &CO_Row4
&C3 Row5_2, &C2_Row5_2, &C1_Row5_2, &CO0_Row5
&C3 Row6_2, &C2_Row6_2, &C1_Row6_2, &CO0_Row6
&C3 _Row7_2, &C2_Row7_2, &C1_Row7_2, &CO0_Row7
&PSAD_0_22,
&PSAD_1 22,
&PSAD_2 22,
&PSAD_Out_11

);

/I 4x4: 2,3
four_by four_block (clk, reset, enable, update_t@dnrow 2,
broadcast_column_9 _a,
broadcast_column_10_a,
broadcast_column_11 a,
broadcast_column_12_a,
broadcast_column_9 b,
broadcast_column_10 b,
broadcast_column_11 b,
broadcast_column_12 b,
broadcast_bus_select 5,
broadcast_bus_select 6,
broadcast_bus_select 7,
broadcast_bus_select_8,
&C3 Row4_3, &C2_Row4_3, &C1_Row4_3, &CO_Row4
&C3 Row5_3, &C2_Row5_3, &C1_Row5_3, &CO0_Row5
&C3 Row6_3, &C2_Row6_3, &C1_Row6_3, &CO_Row86
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&C3_Row7_3, &C2_Row7_3, &C1_Row7 3, &CO_R0\87
&PSAD 0 23,

&PSAD 1 23,

&PSAD 2 23,

&PSAD_Out_12

);

Il 4x4: 2,4
four_by four_block (clk, reset, enable, update_t@dnrow 2,
broadcast_column_13_a,
broadcast_column_14 a,
broadcast_column_15 a,
broadcast_column_16_a,
broadcast_column_13 b,
broadcast_column_14 b,
broadcast_column_15 b,
broadcast_column_16 b,
broadcast_bus_select 5,
broadcast_bus_select 86,
broadcast_bus_select 7,
broadcast_bus_select 8,
&C3 Row4_4, &C2_Row4_4, &C1_Row4_4, &CO_Row4
&C3 Row5_4, &C2_Row5_4, &C1_Row5_4, &C0_Row5
&C3 Row6_4, &C2_Row6_4, &C1_Row6_4, &CO0_Rowb6
&C3 Row7_4, &C2_Row7_4, &C1_Row7_4, &C0_Row7
&PSAD_0 24,
&PSAD_1_24,
&PSAD_2_24,
&PSAD_Out_13
)i

I

1

/I 4x4: 3,1
four_by four_block (clk, reset, enable, update_t@dnrow_3,
broadcast_column_1 a,
broadcast_column_2_a,
broadcast_column_3_a,
broadcast_column_4_a,
broadcast_column_1 b,
broadcast_column_2 b,
broadcast_column_3 b,
broadcast_column_4 b,
broadcast_bus_select 9,
broadcast_bus_select 10,
broadcast_bus_select 11,
broadcast_bus_select 12,
&C3 Row8_1, &C2_Row8_1, &C1 Row8_1, &CmWS8_1,
&C3 Row9_1, &C2 Row9_1, &C1 Row9_1, &CmWO_1,
&C3 Rowl0_1, &C2_Rowl0_1, &C1_Rowl0_1, &C@®WRO0_1,
&C3 Rowll 1, &C2_Rowll 1, &C1_Rowll 1, &COWR1_1,
&PSAD_0_31,
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&PSAD_1_31,
&PSAD_2 31,
&PSAD_Out_20

);

Il 4x4: 3,2
four_by four_block (clk, reset, enable, update_t@dnrow_3,
broadcast_column_5_a,
broadcast_column_6_a,
broadcast_column_7_a,
broadcast_column_8_a,
broadcast_column_5 b,
broadcast_column_6_b,
broadcast_column_7 b,
broadcast_column_8 b,
broadcast_bus_select 9,
broadcast_bus_select 10,
broadcast_bus_select 11,
broadcast_bus_select 12,
&C3 Row8_2, &C2_Row8_2, &C1l Row8_2, &CmwWS8_2,
&C3 Row9 2, &C2_Row9 2, &C1 Row9 2, &COWO 2,
&C3 Rowl0_2, &C2_Rowl0 2, &C1 Rowl0_ 2, &C®WRO0 2,
&C3 Rowll 2, &C2 Rowll 2, &C1 Rowll 2, &CO®WR1 2,
&PSAD_0 32,
&PSAD_1 32,
&PSAD_2 32,
&PSAD_Out_21

);

Il 4x4: 3,3
four_by four_block (clk, reset, enable, update_t@dnrow_3,
broadcast_column_9 _a,
broadcast_column_10_a,
broadcast_column_11 a,
broadcast_column_12_a,
broadcast_column_9 b,
broadcast_column_10 b,
broadcast_column_11 b,
broadcast_column_12 b,
broadcast_bus_select 9,
broadcast_bus_select 10,
broadcast_bus_select 11,
broadcast_bus_select 12,
&C3 Row8_3, &C2_Row8_3, &C1 Row8_3, &CmwW8_3,
&C3 Row9_3, &C2_Row9_3, &C1 Row9_3, &COWO_3,
&C3 Rowl0_3, &C2_Rowl0_3, &C1_Rowl0_3, &C®WRO0_3,
&C3 Rowll 3, &C2 Rowll 3, &C1 Rowll 3, &COWR1_3,
&PSAD_0_33,
&PSAD_1 33,
&PSAD_2_33,
&PSAD_Out_22

);
Il 4x4: 3,4
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four_by four_block (clk, reset, enable, update_t@dnrow_3,
broadcast_column_13_a,
broadcast_column_14 a,
broadcast_column_15_a,
broadcast_column_16_a,
broadcast_column_13 b,
broadcast_column_14 b,
broadcast_column_15 b,
broadcast_column_16 b,
broadcast_bus_select 9,
broadcast_bus_select 10,
broadcast_bus_select 11,
broadcast_bus_select 12,
&C3 Row8_4, &C2_Row8_4, &C1 Row8_4, &Chw8_4,
&C3 Row9 4, &C2_Row9_4, &C1 Row9 4, &COHWO 4,
&C3 Rowl0_4, &C2_Rowl0_4, &C1_Rowl0_4, &C@RO0_4,
&C3 Rowll 4, &C2_Rowll 4, &C1_Rowll 4, &C@WR1_4,
&PSAD_0_34,
&PSAD_1_34,
&PSAD_2_34,
&PSAD_Out_23

);

1
1

Il 4x4: 4,1
four_by four_block (clk, reset, enable, update_t@dnrow 4,
broadcast_column_1_a,
broadcast_column_2_a,
broadcast_column_3_a,
broadcast_column_4_a,
broadcast_column_1 b,
broadcast_column_2 b,
broadcast_column_3 b,
broadcast_column_4 b,
broadcast_bus_select 13,
broadcast_bus_select 14,
broadcast_bus_select 15,
broadcast_bus_select 16,
&C3 Rowl2_1, &C2_Rowl2_1, &C1_Rowl2_1, &C@WR2_1,
&C3 Rowl3_1, &C2_Rowl3_ 1, &C1_Rowl3 1, &COWR3_1,
&C3 Rowl4_1, &C2_Rowl4 1, &C1_Rowl4 1, &COWR4 1,
&C3 Rowl5 1, &C2_Rowl5 1, &C1 Rowl5 1, &C@®WR5 1,
&PSAD_0 41,
&PSAD_1 41,
&PSAD_2 41,
&PSAD_Out_30

);

Il 4x4: 4,2

four_by four_block (clk, reset, enable, update_t@dnrow 4,
broadcast_column_5_a,
broadcast_column_6_a,
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broadcast_column_7_a,

broadcast_column_8_a,

broadcast_column_5 b,

broadcast_column_6_b,

broadcast_column_7_b,

broadcast_column_8_ b,

broadcast_bus_select 13,

broadcast_bus_select 14,

broadcast_bus_select 15,

broadcast_bus_select 16,

&C3 Rowl2 2, &C2 Rowl2 2, &C1 Rowl2 2, &COWR2 2,
&C3 Rowl3_ 2, &C2_Rowl3 2, &C1 Rowl3 2, &COWR3 2,
&C3 Rowl4 2, &C2 _Rowl4 2, &C1 Rowl4d 2, &C@OWR4 2,
&C3 Rowl5 2, &C2_ Rowl5 2, &C1 _Rowl5 2, &C@®WR5 2,
&PSAD_0 42,

&PSAD_1_42,

&PSAD_2_42,

&PSAD_Out_31

)i

/I 4x4: 4,3
four_by four_block (clk, reset, enable, update_t@dnrow_4,
broadcast_column_9 a,
broadcast_column_10_a,
broadcast_column_11 a,
broadcast_column_12_a,
broadcast_column_9 b,
broadcast_column_10_b,
broadcast_column_11 b,
broadcast_column_12 b,
broadcast_bus_select 13,
broadcast_bus_select 14,
broadcast_bus_select 15,
broadcast_bus_select 16,
&C3 Rowl2 3, &C2_Rowl2 3, &C1 Rowl2 3, &CO®WR2_3,
&C3 Rowl3_3, &C2_Rowl3 3, &C1 _Rowl3 3, &COWR3_3,
&C3 Rowl4 3, &C2_Rowl4 3, &C1 _Rowl4d 3, &C@WR4 3,
&C3 Rowl5 3, &C2_Rowl5 3, &C1_Rowl5 3, &C@®WR5_3,
&PSAD_0_43,
&PSAD_1_43,
&PSAD_2_43,
&PSAD_Out_32
)i

/I 4x4: 4,4

four_by four_block (clk, reset, enable, update_t@dnrow_4,
broadcast_column_13_a,
broadcast_column_14 a,
broadcast_column_15 a,
broadcast_column_16_a,
broadcast_column_13 b,
broadcast_column_14 b,
broadcast_column_15 b,
broadcast_column_16 b,
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broadcast_bus_select 13,

broadcast_bus_select 14,

broadcast_bus_select 15,

broadcast_bus_select 16,

&C3 Rowl2_4, &C2_Rowl2_4, &C1_Rowl2_4, &C@WR2_4,
&C3 Rowl3_4, &C2_Rowl3_ 4, &C1_Rowl3 4, &C@WR3_4,
&C3 Rowl4_4, &C2_Rowl4 4, &C1_Rowl4d 4, &C@vR4 4,
&C3 Rowl5_4, &C2_Rowl5_ 4, &C1_Rowl5 4, &C@WR5 4,
&PSAD_0_44,

&PSAD_1 44,

&PSAD_2 44,

&PSAD_Out_33

);
Il

I

/I The first 4 on the first row of 16 4x4 SAD outpegisters +
/[ updating the delay registers that feed them

*B4x4_00_out = delayed4 4 11;

delayed4 4 11 =delayed4 3 11;
delayed4 3 11 =delayed4 2 11;
delayed4 2 11 =delayed4 1 11;
delayed4 1 11 = PSAD_Out_00;

*B4x4_01 out = delayed4 4 12;

delayed4 4 12 =delayed4 3 12;
delayed4 3 12 =delayed4 2 12;
delayed4 2 12 =delayed4 1 12;
delayed4 1 12 = PSAD_Out_01;

*B4x4_02_out = delayed4 4 13;

delayed4 4 13 =delayed4_3_13;
delayed4 3 13 =delayed4 2 13;
delayed4 2 13 =delayed4 1 13;
delayed4 1 13 = PSAD_Out 02;

*B4x4_03_out = delayed4 4 14;

delayed4 4 14 =delayed4_3_14;
delayed4 3 14 =delayed4 2_14;
delayed4 2 14 =delayed4_1_14;
delayed4 1 14 = PSAD_Out_03;

I 1/
/I The 2nd row of 16 4x4 SAD output registers

*B4x4_10_out = PSAD_Out_10;
*B4x4_11_out = PSAD_Out_11;
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*B4x4_12_out = PSAD_Out_12;
*B4x4_13_out = PSAD_Out_13:

/I The 3rd row of 16 4x4 SAD output registers +
/I updating the delay registers that feed them

*B4x4 20 out = delayed4 4 21;

delayed4 4 21 =delayed4 3 21;
delayed4 3 21 =delayed4 2 21;
delayed4 2 21 =delayed4 1 21;
delayed4 1 21 = PSAD_Out_20;

*B4x4 21 out = delayed4 4 22;

delayed4 4 22 =delayed4 3 22;
delayed4 3 22 =delayed4 2 22;
delayed4 2 22 =delayed4 1 22;
delayed4 1 22 = PSAD_Out_21;

*B4x4_ 22 out = delayed4 4 23;

delayed4 4 23 =delayed4_3_23;
delayed4 3 23 =delayed4 2 _23;
delayed4 2 23 =delayed4 1 23;
delayed4 1 23 = PSAD_Out_22;

*B4x4 23 out = delayed4 4 24;

delayed4 4 24 =delayed4 3 24;
delayed4 3 24 =delayed4 2 24;
delayed4 2 24 =delayed4 1 24;
delayed4 1 24 = PSAD_Out_23;

I 1/
/I The 4th row of 16 4x4 SAD output registers

*B4x4_30_out = PSAD_Out_30;
*B4x4_ 31 out = PSAD_Out_31;
*B4x4_32_out = PSAD_Out_32;
*B4x4_ 33 out = PSAD_Out_33;

I

1

/I The 8 4x8 SAD output registers, labeled by raimn
*B4x8_00_out = *B4x4_00_out + *B4x4_10_out;
*B4x8 01 out =*B4x4_01_out + *B4x4_11 out;
*B4x8 02_out = *B4x4_02_out + *B4x4_12_out;
*B4x8 03_out = *B4x4_03_out + *B4x4_13_out;

*B4x8 10_out = *B4x4_20_out + *B4x4_30_out;
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*B4x8 11 out=*B4x4 21 out+ *B4x4_31 out;
*B4x8 12 out =*B4x4 22 out + *B4x4_32_out;
*B4x8_13 out =*B4x4 23 out + *B4x4_33_out;

/I The 8 8x4 SAD output registers, labeled by raimn

*B8x4_00_out = *B4x4_00_out + *B4x4_01_out;
*B8x4_01_out = *B4x4_02_out + *B4x4_03_out;

*B8x4_10 out =*B4x4 10 out + *B4x4_11 out;
*B8x4_11 out=*B4x4 12 out+ *B4x4_13 out;

*B8x4_20 out =*B4x4 20 out + *B4x4_21 out;
*B8x4_21 out=*B4x4 22 out + *B4x4_23 out;

*B8x4_30_out = *B4x4_30_out + *B4x4_31_out;
*B8x4_31 out =*B4x4_32_out + *B4x4_33_out;

/I The 4 8x8 SAD output registers, labeled by raimn

*B8x8_00_out = *B8x4_00_out + *B8x4_10_out;
*B8x8_01 out =*B8x4 01 out+ *B8x4_11 out;

*B8x8_10_out = *B8x4 20 out + *B8x4_30_out;
*B8x8_11 out=*B8x4 21 out+ *B8x4_31 out;

/l The 2 8x16 SAD output registers, labeled by noiu

*B8x16_0_out = delayed8 8 1 + *B8x8_10_out;
*B8x16_1 out =delayed8 8 2 +*B8x8 11 out;

delayed8 8 1 =delayed8 7 1; delayed8 8 2 = ddbaye;
delayed8 7 _1 = delayed8 6_1; delayed8_7_2 = debaye@;
delayed8 6 1 = delayed8 5 1; delayed8_6_2 = debaye?;
delayed8 5 1 =delayed8 4 1; delayed8_5_2 = debaye?;
delayed8 4 1 = delayed8 3 1; delayed8_4_ 2 = debayie@;
delayed8 3 1 =delayed8 2_1; delayed8_3_2 = debaye@;
delayed8 2 1 =delayed8 1_1; delayed8_2_ 2 = debaye®;

delayed8 1 1 =*B8x8 00 _out; delayed8 1 2 = *B8X3 dit;
/l The 2 16x8 SAD output registers, labeled by row

*B16x8 0_out = *B8x8_00_out + *B8x8_01_out;
*B16x8 1 out=*B8x8 10 out+ *B8x8_11 out;

/[ The 1 16x16 SAD output register

*B16x16 out = *B8x16_0 out + *B8x16_1 out;

}I ends the main_data_path module
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#include <stdlib.h>
#include <stdio.h>

/I This (on_chip_mem) function uses 2 block_mem I&module and 2 block_mem30x16 module
/I memory functions to create a sinlge memory medcbntaining both A & B memory partitions)

/I External Functions located in other Project &ile

/[ Memory Partition A
void block_mem_66x16 ( // inputs
int write_enable,
int address, // 7-bits (i.e. 0 to 65 addes}
/l input memory array address
int array_66x16 [66][16],
/l Input Bus
int dataln_16_Bytes[16],
// Output Bus
int dataOut_16_Bytes[16]
);

/I Memory Partion B
void block_mem_30x16 ( // inputs
int write_enable,
int address, // 5-bits (i.e. 0 to 29 addes$
/l input memory array address
int array_30x16 [30][16],
/l Input Bus
int dataln_16_Bytes[16],
// Output Bus
int dataOut_16_Bytes[16]
);

1 1

void on_chip_mem (// inputs
int write_enable,
int address, // 6-bits (i.e. 0 to 47 seaisiel rows)
int load_bottom,
int load_top,

intread LO L1,
intread L1 L2,
intread L2 L3,

int block_66x16_mem_1 [66][16],
int block_66x16_mem_2 [66][16],
int block_30x16_mem_1 [66][16],
int block_30x16_mem_2 [66][16],

int *partition_A_Counter,
int *partition_B_Counter,
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/l Input Bus

int dataln_32_Bytes[32],

// Output Buses

int dataOut_31 Bytes A[32],// an extra hyi¢he array is added
int dataOut_31 Bytes B[32] // for programmiconvenience

i

/Istatic int block_66x16_mem_1 [66][16];
/[static int block_66x16_mem_2 [66][16];
/Istatic int block_30x16_mem_1 [66][16];
/Istatic int block_30x16_mem_2 [66][16];
/Istatic int partition_A_Counter;
/Istatic int partition_B_Counter;

int mem_bus_1 A[16];
int mem_bus_2_ A[16];
int mem_bus_1 B[16];
int mem_bus_2 B[16];

int index = 0;

1 /Il
/I Reading Out Memory Partitions A & B

/I Logical LO_L1 type of switching for Partition Bas to always
/I Lag Partition A switches by at least 15 cycles
/l'i.e. Partition A switches to the next logicatm set before Partition B has to

if (read_LO_L1==1){
[lprintf("\nInitial A Counter: %d\n", *partitionA Counter);
block_mem_66x16 (0, *partition_A Counter, blockx®6_mem_1, dataln_32_Bytes, mem_bus_1 A);
block_mem_66x16 (0, *partition_A_Counter, blockx®@6_mem_2, dataln_32_Bytes, mem_bus_2_A);
*partition_A_Counter = *partition_A_Counter + 1;
Ilprintf("\nSecond A Counter: %d\n", *partition_~&ounter);
for (index=0; index<16; index++){
dataOut_31 Bytes Afindex]=mem_bus_1_A[index];
dataOut_31 Bytes AJindex+16]=mem_bus_2_ A[index];

}
}/lendsifread LO L1==1
if (read_L1 L2==1){
block_mem_66x16 (0, (*partition_A_ Counter+33)d¢k 66x16_mem_1, dataln_32_Bytes,
mem_bus_1 A);
block_mem_66x16 (0, *partition_A_Counter, blockx®@6_mem_2, dataln_32_Bytes, mem_bus_2_A);
block_mem_30x16 (0, *partition_B_Counter, blocRx36_mem_1, dataln_32_Bytes, mem_bus_1 B);
block_mem_30x16 (0, *partition_B_Counter, blocRx36_mem_2, dataln_32_Bytes, mem_bus_2_B);
*partition_A_Counter = *partition_A_Counter + 1;
*partition_B_Counter = *partition_B_Counter + 1;
for (index=0; index<16; index++){
dataOut_31 Bytes A[index]=mem_bus_ 2 A[index];
dataOut_31 Bytes A[index+16]=mem_bus_1 A[index];
dataOut_31 Bytes B[index]=mem_bus_1 BJ[index];
dataOut_31 Bytes B[index+16]=mem_bus_2 B[index];
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}/endsifread L1 12==1
if (read_L2_L3==1){
llprintf("\nThe address: %d\n", address);
block_mem_66x16 (0, (*partition_A_Counter+33)pd¢k 66x16 _mem_1, dataln_32_Bytes,
mem_bus_1 A);
block_mem_66x16 (0, (*partition_A_Counter+33)pd¢k 66x16_mem_2, dataln_32_Bytes,
mem_bus 2 A);
for (index=0; index<16; index++){
dataOut_31 Bytes A[index]=mem_bus_1_ A[index];
dataOut_31 Bytes AJindex+16]=mem_bus_2_A[index];
}

if (address>17){
llprintf("\nThe address: %d\n", address);
block_mem_30x16 (0, (*partition_B_Counter+19pdk_30x16_mem_1, dataln_32_Bytes,
mem_bus_1 B);
block_mem_30x16 (0, *partition_B_Counter, blo8Rx16 _mem_2, dataln_32_Bytes,
mem_bus_2 B);

*partition_B_Counter = *partition_B_Counter + 1;
for (index=0; index<16; index++){
dataOut_31 Bytes B[index]=mem_bus_2_BJ[index];
dataOut_31 Bytes B[index+16]=mem_bus_1 B[index]
}
}
else {
block_mem_30x16 (0, (*partition_B_Counter+19pdk 30x16_mem_1, dataln_32_Bytes,
mem_bus_1 B);
block_mem_30x16 (0, (*partition_B_Counter+19pdk 30x16_mem_2, dataln_32_Bytes,
mem_bus_2 B);
*partition_B_Counter = *partition_B_Counter + 1;
for (index=0; index<16; index++){
dataOut_31 Bytes B[index]=mem_bus_1 BJ[index];
dataOut_31 Bytes B[index+16]=mem_bus_2_ B[index]

}

*partition_A_Counter = *partition_A_Counter + 1;
}/lendsifread L2 L3==1

if (*partition_A_Counter==33){
*partition_A_Counter = 0;
*partition_B_Counter = 0;
}
if (*partition_B_Counter==15) *partition_B_Counter0;
I 1/

1 1
/I The Writing/Loading Process

if (write_enable==1){
if (address<33){
if (load_bottom==1) {
block_mem_66x16 (1,address,block 66x16_mem_1rdé8a Bytes,mem_bus 1 A);
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block_mem_66x16 (1,address,block_66x16_mem_2lad2_Bytes+16),mem_bus 2 A);
} /I ends if load_bottom==1
if (load_top==1) {
block_mem_66x16 (1,(address+33),block 66x16_medatdln_32_ Bytes,mem_bus_1 A);
llprintf("dataln: %d\n", dataln_32_Bytes[0]);
block_mem_66x16 (1,(address+33),block_66x16_mefdataln_32_ Bytes+16),mem_bus 2 A);
} !l ends if load_top==1
} /l ends if address<33
else{
if (load_bottom==1) {
block_mem_30x16 (1,(address-33),// Memory Parti8 begins at
/I Reference row 33, thus 33 is deducted
/I to offset the external starting addrédewn to O
block_30x16_mem_1,dataln_32_Bytes,mers_buB);
block_mem_30x16 (1,(address-33),block_30x16_mefdataln_32_Bytes+16),mem_bus_2_B);
} /l ends if load_bottom==1
if (load_top==1) {
block_mem_30x16 (1,((address-33)+15),block_30ri®&m 1,dataln_32_ Bytes,mem_bus_1 B);
block_mem_30x16 (1,((address-33)+15),block_30ri#&m 2, (dataln_32_ Bytes+16),mem_bus 2 B);
} !l ends if load_top==1
} /I ends else if address>=34
YI ends if write_enable==1
1 1/

}I ends function on_chip_mem
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#include <stdlib.h>
#include <stdio.h>

FILE *ip;

/I This function produces an 8-bit Absolute Diffece Result
/I for R and C. Itis used only in Row 0 wheretligr CSA
/I modules are not used

int PE_AD (int clk, int reset, int update_Cur_MBt R, int C,
int *C_Register){

int Nine_bit sum = 0;

int s8_bit = 0;
int s8 negated_8bit_vector = 0;

int ABS temp =0;
int ABS_final = 0;

int C_Not =0;
if (clk==1){
if (reset==1) *C_Register = 0;
else if (update_Cur_MB==1) *C_Register = C;
}I ends clocking C_Register
[ffprintf(fp, "\n\nupdate_Cur_MB with in PE_AD %gdtupdate_Cur_MB);
/I This line only negates the last 8 bits of C_iRiy
/I and sets all of the preceding 24 bits to 0
C_Not = ~(*C_Register | OXFFFFFF0O0);
Nine_bit sum = R + C_Not;

s8_bit = (Nine_bit_sum & 0x00000100)>>8;
s8 negated_8bit_vector = (s8_bit==1) ? 0 : 0Ox006®G0

ABS temp = (s8_negated_8bit_vector * Nine_bit_s&rfx000000FF;
/I the extra AND operation at the end is usedéarc
/l the un-used 9th MSB
return ABS_final = ABS_temp + s8_bit;
Y/ ends PE_AD function

1 //

void test PE_AD(){

intR=0;
intC=0;
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int C_Register = 0;

for (R=0; R<256; R++){
for (C=0; C<256; C++){
if (PE_AD(1,0,1,R,C,&C_Register) != abs(R-C))
printf("\nError, Expecting: %d Got: %d\n\n",(R-C), PE_AD(1,0,1,R,C,&C _Register));
Y ends C loop
Y ends R loop
}I ends test PE_AD
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#include <stdlib.h>
#include <stdio.h>

/I This function produces a 9-bit Absolute DiffecerResult

/I for R and C using an internal-representatiomasented

/I by a 1-bit MSB carry bit and remaining 8-bit ABRSs.

/I This module is used to feed the CSA blocks usdbe Row Adder Trees
/I forRows 1, 2, & 3

void PE_AD_CSA (int clk, int reset, int update_ CMB, int C, int *C_Reqgister,
int R, int *Carry, int *ABS){

int Nine_bit_sum = 0;
int s8 _negated_8bit_vector = 0;
int C_Not =0;
if (clk==1){

if (reset==1) *C_Register = 0;

else if (update_Cur_MB==1) *C_Register = C;
}I ends clock C_Registered
/[ This line only negates the last 8 bits of C_iRey
/I and sets all of the preceding 24 bits to 0
C_Not = ~(*C_Register | OXFFFFFF00);
Nine_bit_ sum =R + C_Not;

*Carry = (Nine_bit_sum & 0x00000100)>>8;
s8_negated_8bit_vector = (*Carry==1) ? 0 : OxOQ@FK

*ABS = (s8_negated_8bit_vector ~ Nine_bit_sum) 3 00000FF;
/I the extra AND operation at the end is usedéarc
/I the un-used 9th MSB

}I/ ends PE_AD_CSA function
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#include <stdlib.h>
#include <stdio.h>

FILE *ip;

/I This is the Row_Adder file.
/I External Sub-Modules, located in other Projatad-

int PE_AD (int clk, int reset, int update_Cur_MBt R, int C, int *C_Register);

/I This functions combines the sum of each of the
/I 4 PE Absolute Differece values in Row 0 of each
/I 4x4 Block

void Row_Adder_0 (int clk, int reset, int enablet, update_Cur_MB,
int R3_a,int C3_a,int R2_a,int C2_a,int RintaC1_a,int RO_a,int CO_a,
int R3_b,int C3_b,int R2_b,int C2_b,int RIinbC1 b,int RO_b,int CO_b,
int broadcast_bus_select,
int *C3_Reg,
int *C2_Reg,
int *C1_Reg,
int *CO_Reg,
int *PSAD_0_Register){

int PSAD_0 =0;
int row_sum_only = 0;
int R3,C3,R2,C2,R1,C1,R0,CO;

if (broadcast_bus_select==0){
R3 =R3_a;
C3=C3_a;
R2 = R2_a;
C2=C2_gq;
R1=R1_a;
Cl=C1_gz;
RO =RO0_a;
C0=CO0_g;

Hlends if

else{
R3 =R3_b;
C3 =C3_b;
R2 =R2_b;
C2=C2_b;
R1=R1_b;
Cl=C1_b;
RO = R0O_b;
C0 = CO0_b;

}lends else

PSAD_0 = PE_AD(clk,reset,update_Cur_MB,R3,C3,C3))Re
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PE_AD(clk,reset,update_Cur_MB,R2,C2,C2_Reqg) +
PE_AD(clk,reset,update_Cur_MB,R1,C1,C1_Reg) +
PE_AD(clk,reset,update_Cur_MB,R0,C0,C0_Req);

if (clk==1){
if (reset==1) *PSAD_0_ Register = 0;
else if (enable==1) *PSAD_0_Register = PSAD_0;
}I ends clocking PSAD_0_Register
/[for testing purposes only
llprintf("PSAD_0 in Row_Adder_0: %d\n\n", PSAD_0);
row_sum_only = abs(R3-*C3_Reqg) + abs(R2-*C2_Regp3(R1-*C1_Reg) + abs(R0-*CO_Reg);
[ffprintf(fp, "\nThe row sum only is: %d", row_surmnly);

} /lends Row_0
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#include <stdlib.h>
#include <stdio.h>

FILE *ip;

/[ This is the Row_Adder_CSA Tree file
/[ External Sub-Modules, located in other Projated-

void PE_AD_CSA (int clk, int reset, int update_ CMB, int C, int *C_Reqgister,
int R, int *Carry, int *ABS);

void CSA_8bit_block (int x, int 'y, int z, int *Cayr int *Sum);
void CSA_9bit_block (int x, int 'y, int z, int *Cayr int *Sum);

I 1

/I This function acts as the Row Adder Module
/I for the last three rows, namely Row 1, 2, and 3
/I in the 4x4 Block

void Row_Adder_CSA tree (int clk, int reset, inabfe, int update_Cur_MB,

int R3_a,int C3_a,int R2_a,int C2_a,int RintaC1 a,int RO_a,int CO_a,
int R3_b,int C3_b,int R2_b,int C2_b,int RlinbC1_b,int RO_b,int CO_b,
int broadcast_bus_select,

int PSAD _In,

int *C3_Reg,

int *C2_Reg,

int *C1_Reg,

int *CO_Reg,

int *PSAD_Out_Register){

int PSAD_Out = 0;

int ABS3, ABS2, ABS1, ABSO;
int Carry_3, Carry_2, Carry_1, Carry_0;

/loutputs of the 3 CSA blocks

int CSA_1 Carry, CSA 1 Sum;

int CSA_2_ Carry, CSA 2 Sum;

int CSA_3_Carry, CSA_3_Sum;

int CSA_3_x, CSA_3_y, CSA_3_z;//inputs to the &8A Block

int PSAD_In_8th_bit = PSAD_In & 0x00000100;
int PSAD_In_Least 9bits_truncated = PSAD_In & OKFFEOQO;

int row_sum_only;// used only for testing

int R3,C3,R2,C2,R1,C1,R0O,CO;
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if (broadcast_bus_select==0){
R3 =R3_a;
C3=C3_a;
R2 =R2_a;
C2=C2_3;
R1=R1_a;
Cl=C1_gz;
RO =RO0_a;
C0=C0_xs;

Ylends if

else{
R3 =R3_b;
C3 =C3_b;
R2 =R2_b;
C2=C2_b;
R1=R1_b;
Cl=C1_b;
RO = R0O_b;
C0 = CO0_b;

}lends else

PE_AD_CSA (clk,reset,update_Cur_MB, C3,C3_Reg,&3arry 3, &ABSO0);
PE_AD_CSA (clk,reset,update_Cur_MB, C2,C2_Reg,&2arry 2, &ABS1);
PE_AD_CSA (clk,reset,update_Cur_MB, C1,C1_Reg,&arry 1, &ABS2);
PE_AD_CSA (clk,reset,update_Cur_MB, C0,C0_Reg,&0arry 0, &ABS3);

/*
printf("%d %d ABS: %d Carry: %d\n\n", *C3_Reg, R8BS3, Carry_3);
printf("%d %d ABS: %d Carry: %d\n\n", *C2_Reg, R®BS2, Carry_2);
printf("%d %d ABS: %d Carry: %d\n\n", *C1_Reg, RABS1, Carry_1);
printf("%d %d ABS: %d Carry: %d\n\n", *C0O_Reg, RBBS0, Carry_0);
*/

/ICSA Block 1
CSA_8bit_block(ABS3, ABS2, ABS1, &CSA_1_Carry, &8S1_Sum);
[lprintf("\n\nCSA 1 Carry: %d CSA 1 Sum: %d\n\WCSA_1_ Carry, CSA 1 Sum);

/ICSA Block 2
CSA_8bit_block(CSA_1_Sum, ABSO, PSAD_In, &CSA_2rn@a&CSA_2_Sum);
[printf("\n\nCSA 2 Carry: %d CSA 2 Sum: %d\n\I€SA 2 Carry, CSA 2 Sum);

CSA 3 x=(CSA_1 Carry<<l)|Carry_3;
CSA 3 y=(CSA 2 Carry<<l)|Carry_2;
CSA 3 z=PSAD_In_8th_bhit| CSA_2_Sum;

/ICSA Block 3
CSA_9bit_block(CSA_3 x,CSA_3 y,CSA_3 z, &CSA_3_1@a&CSA_3_Sum);
[lprintf("\n\nCSA 3 Carry: %d CSA 3 Sum: %d\n\lCSA_3_Carry, CSA_3_Sum);

PSAD_Out= ((CSA_3 Carry<<l)|Carry_1)
+ (PSAD_In_Least 9bits_truncated | CSA_3 Sum)
+ Carry_0;
llprintf("\n\nCarry_1: %d Carry_0: %d\n\n", PSAD_Least 9bits_truncated, Carry_0);
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if (clk==1){

if (reset==1) *PSAD_Out_Register = 0;

else if (enable==1) *PSAD_Out_Register = PSAD_;Out
}I ends clocking PSAD_0_Register

/[for testing purposes only

row_sum_only = abs(R3-*C3_Reg) + abs(R2-*C2_Regps(R1-*C1_Reg) + abs(R0-*C0O_Reg);
[ffprintf(fp, "\nThe row sum only is: %d", row_surnly);

/*
if (PSAD_In==425){
printf("\n\nWhen PSAD _In is 425: %d + %d = %d RBAD_Out is: %d\n\n", row_sum_only,
PSAD_In,
(row_sum_only + PSAD_In),
PSAD_Out);
printf("\n\n%d %d %d\n\n", *C3_Reg, R3, ABS3);
printf("%d %d %d\n\n", *C2_Reg, R2, ABS2);
printf("%d %d %d\n\n", *C1_Reg, R1, ABS1);
printf("%d %d %d\n\n", *CO_Reg, RO, ABS0);
Ylends if
*

} /lends Row_Adder_CSA _tree

1

void test Row_Adder_CSA tree(){

/*

int R3_a,C3_a,R2_a,C2_a,R1_a,Cl a,RO _a,C0_ga;
int R3_b,C3_b,R2_b,C2_b,R1 b,C1_b,RO_b,CO_b;
int broadcast_bus_select = 0;

int PSAD_In, PSAD_Out;

int Expected = 0;

int C3_Reg;
int C2_Reg;
int C1_Reg;
int CO_Reg;

const int PSAD_IN_MAX = 4095;

for (PSAD_In=0; PSAD_In<=PSAD_IN_MAX; PSAD_In++){
printf("\nPSAD_In: %d\n\n", PSAD_In);
for (R3=0; R3<256; R3++){
printf("\nR3: %d\n\n", R3);
for (C3=0; C3<256; C3++){
printf("\nC3: %d\n\n", C3);
for (R2=0; R2<256; R2++){
for (C2=0; C2<256; C2++){
for (R1=0; R1<256; R1++){
for (C1=0; C1<256; C1++){
for (RO=0; R0<256; RO++){
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for (C0=0; C0<256; CO++){
*/

PSAD_In=425;

C3_a =149;
R3_a=23;
C2_a=122;
R2_a =92;
Cl _a=289;
R1 a=37;
C0_a=228;
RO _a =42;

C3 b = 149;
R3 b =23;
C2_b=122;
R2 b =092;
Cl b=89;
R1_b=37;
CO_b = 228;
RO b = 42;

/*

R3=149;

C3=23;

R2=122;

C2=92;

R1=89;

C1=37;

R0=228;

C0=42;

*

//1,0,1,1 corresponds to clk=1, reset=0, enaldleand update_Cur_MB =1

Row_Adder_CSA _tree(1,0,1,1,
C3 a,R3 _a,C2 a,R2 a,Cl a,R1 a,CO0_a,R0O_a,
C3_b,R3_b,C2 b,R2 b,C1 b,R1 b,CO_b,RO b,
broadcast_bus_select,
PSAD_In,
&C3_Reg,
&C2_Reg,
&C1 Reg,
&C0_Regq,
&PSAD_Out);

Expected = abs(R3_a-C3_a) + abs(R2_a-C2_a) + abafR1_a) + abs(R0O_a-C0_a) + PSAD_lIn;

if (PSAD_Out |= Expected){
printf("\nError, Expecting: %d Got: %d\n\n", Exgied, PSAD_Out);
llexit(1);

}

}I ends CO loop
}I ends RO loop

/*
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Y/l ends C1 loop
Y/ ends R1 loop
Y/ ends C2 loop
Y ends R2 loop
Y/ ends C3 loop
Y ends R3 loop
Y/ ends PSAD_In loop
*/
}I ends test Row_Adder_CSA tree

229



7.2 C Code Files

#include <stdlib.h>
#include <stdio.h>

FILE *mem_A file;
FILE *mem_B_file;
FILE *ref_pixels;

FILE *ref_pixels_2;

/I This is the dual buffers’ test file.
/I External Functions located in other Project &ile

I 1/
void dual_buffer (// inputs

int initialize,

int address, // 6-hits (i.e. 0 to 47 searigklpows)

int read_Buffer_1,

int read_Buffer_2,

/[ Input Bus

int dataln_32_Bytes[32],

/I Output Buses

int dataOut_31 Bytes A[32],// an extra byte¢he array is added
int dataOut_31 Bytes B[32] // for programmuguanvenience

);
int random_int_between_0_and_255();

I 1

void test_dual_buff(){

/[ Input Wires & Buses

int initialize,
address, // 6-bits (i.e. 0 to 47 search pixel jows
read_Buffer_1,
read_Buffer_2;

/[ Input Bus
intinput_ BUS_32bytes[32];

/I Ouput Buses

int output_BUS_31bytes A[32]; // an extra bytehe frray is added
int output_BUS_31bytes B[32]; // for programmingigenience

int Test Case = 0;

if ((mem_A_file = fopen("Bus_A.txt", "w"))==NULL){

fprintf(mem_A _file, "\n\n Can not open the outfiile. \n\n");
exit(1);
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if ((mem_B_file = fopen("Bus_B.txt", "w"))==NULL){
fprintf(mem_B_file, "\n\n Can not open the outfite. \n\n");
exit(1);

}

if ((ref_pixels = fopen("ref_pixels.txt", "w"))==NUL)Y{
printf("\n\n Can not open the ref_pixels outfilg. \n\n");
exit(1);

}
if ((ref_pixels_2 = fopen("ref_pixels_buf2.txt", "W==NULL){

printf("\n\n Can not open the ref_pixels_buf2put file. \n\n");

exit(1);
}

1

for (Test_Case = 0; Test_Case<1; Test_Case++){

int clock_Cycle = 0;

int reference_Data[48][64];
int reference_Data_2[48][64];
inti, j, k=0;

int value, value_A, value_B;

address = 0;

fprintf(ref_pixels, "\n");
for (i=0; i<48; i++){
for (j=0; j<64; j++){
reference_Data[i][j] = (i*100)+j;
value = reference_Datali][j];
if  (value<10) fprintf(ref_pixels, " %d, value);
else if (value<100) fprintf(ref_pixels, " %4 value);
else if (value<1000) fprintf(ref_pixels, " %d Vvalue);
else fprintf(ref_pixels, "%d ", value);
}
fprintf(ref_pixels, "\n");
}

fprintf(ref_pixels_2, "\n");
for (i=0; i<48; i++){
for (j=0; j<64; j++){

reference_Data_2[i][j]] = k;
k++;
value = reference_Data_2[i][j];
if  (value<10) fprintf(ref_pixels_2," @&o", value);
else if (value<100) fprintf(ref_pixels_2, " %4 value);
else if (value<1000) fprintf(ref_pixels_2, " %4 value);
else fprintf(ref_pixels_2, "%d ", value);

}
fprintf(ref_pixels_2, "\n");

I 1
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for (clock_Cycle = 0; clock_Cycle<324; clock_Cyete{// 210 = 48 + 48 + (3*33) + 15
I/ 324 = 48 + 48 + 2(3*33 + 15)

if (clock_Cycle<96) initialize = 1;
else initialize = 0;

if (clock_Cycle<48){
for (i=0; i<32; i++){
input_ BUS_32bytes[i] = reference_Data[addrélss][
}

}
if ((clock_Cycle>47) && (clock_Cycle<96))}{
for (i=0; i<32; i++){
input_BUS_32bytes[i] = reference_Data[addrés3R];
}

}
if ((clock_Cycle>95) && (clock _Cycle<144))}{
[lprintf("\n %d \n", address);
for (i=0; i<32; i++){
input_ BUS_32bytes|i] = reference_Data_2[addf@ss
[lprintf(" %d ", input_ BUS_32bytes]i]);
}

}
if ((clock_Cycle>143) && (clock_Cycle<192)){
for (i=0; i<32; i++){
input_BUS_32bytes[i] = reference_Data_2[addfe<32];
}

}

if (clock_Cycle>95){
read_Buffer_ 1 =1;
read_Buffer 2 = 0;
}

if (clock_Cycle==210) address = 0;
if (clock_Cycle>209){

read Buffer_ 1 =0;

read Buffer 2 = 1;

I //
/I Instantiation of the Device Unter Test (DUT). itke dual buffer

dual_buffer (// inputs
initialize,
address, // 6-bits (i.e. 0 to 47 search pisels)
read_Buffer_1,
read_Buffer_2,

/[ Input Bus

input_BUS_32bytes,

/[ Output Buses

output_ BUS 31lbytes A,/ an extra byte inahmy is added
output_BUS 31lbytes B // for programming corigace
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1

if (clock_Cycle>95){

fprintf(mem_A _file, "\n");

fprintf(mem_B_file, "\n");

if (clock_Cycle<100){
fprintf(mem_A_file, " %d ", clock_Cycle);
fprintf(mem_B_file, " %d ", clock_Cycle);

}

else{

fprintf(mem_A_file, "%d ", clock_Cycle);
fprintf(mem_B_file, "%d ", clock_Cycle);

}

for (i=0

;<31 i++){

value_A = output BUS 31bytes A[i];
value_B = output BUS 31bytes BJil;

}

if  (value_A<10) fprintf(mem_A_ file," &b ", value_A);
else if (value_A<100) fprintf(mem_A_file, " %W value_A);
else if (value_A<1000) fprintf(mem_A_file, " %4 value_A);
else fprintf(mem_A_file, "%d ", value_A);
if  (value_B<10) fprintf(mem_B_file," @&b", value_B);
else if (value_B<100) fprintf(mem_B_file, " %Y value_B);
else if (value_B<1000) fprintf(mem_B_file, " %4 value_B);
else fprintf(mem_B_file, "%d ", value_B);

if (clock_Cycle<209){

if ((clock_Cycle%33)==29){
fprintf(mem_A_file, "\n\n");
fprintf(mem_B_file, "\n\n");

}

}I ends if clock <209

if (clock_Cycle==209){
fprintf(mem_A_file, "\n\n");
fprintf(mem_B_file, "\n\n");

}

if (clock_Cycle>209){

if ((clock_Cycle%33)==11){
fprintf(mem_A _file, "\n\n");
fprintf(mem_B_file, "\n\n");

}
}I ends if clock >209

}I ends if clock_Cycle>95

address++;
if (address==48) address = 0;
}I ends the clock_Cyle for loop
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}I ends the Test Case for loop
Y/ ends the main void test_mem() function
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#include <stdlib.h>
#include <stdio.h>

FILE *ip;

FILE *B4x4_top;
FILE *B4x8_top;
FILE *B8x4_top;
FILE *B8x8_top;
FILE *B16x8_top;

/[ This is the main data path test file
/I External Functions located in other Project &ile

char* int2Bin_13bits(int a); //used to convert th& 13-bit B4x4 SAD outputs

char* int2Bin_14bits(int a); //used to convert th® 14-bit 4x8 & 8x4 SAD outputs
char* int2Bin_15bits(int a); //used to convert thel 5-bit 8x8 SAD outputs

char* int2Bin_16bits(int a); //used to convert thel 6-bit 8x16 & 16x8 SAD outputs

void main_data_path (
I/l Input Wires & Buses
int clk, int reset, int enable, int updater QUB,

int broadcast_column_1_a,
int broadcast_column_2_a,
int broadcast_column_3_a,
int broadcast_column_4_a,
int broadcast_column_5_a,
int broadcast_column_6_a,
int broadcast_column_7_a,
int broadcast_column_8 a,
int broadcast_column_9 _a,
int broadcast_column_10_a,
int broadcast_column_11 a,
int broadcast_column_12_a,
int broadcast_column_13_a,
int broadcast_column_14_a,
int broadcast_column_15_a,
int broadcast_column_16_a,

int broadcast_column_1 b,
int broadcast_column_2 b,
int broadcast_column_3 b
int broadcast_column_4 b
int broadcast_column_5 b
b
b
b
b

int broadcast_column_6_|
int broadcast_column_7_|
int broadcast_column_8 b,
int broadcast_column_9 b,
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int broadcast_column_10 b,
int broadcast_column_11 b,
int broadcast_column_12 b,
int broadcast_column_13 b,
int broadcast_column_14 b,
int broadcast_column_15 b,
int broadcast_column_16_b,

int broadcast_bus_select,
/I Ouput Registers

/I The 16 4x4 SAD output registers, labelgadw/column

int *B4x4_00_out, int *B4x4 01 out, int *B4x02_out, int *B4x4_03_out,
int *B4x4_10_out, int *B4x4 11 out, int *B4x42 out, int *B4x4_13 out,
int *B4x4_20_out, int *B4x4_21 out, int *B4x22_out, int *B4x4_23 out,
int *B4x4_30_out, int *B4x4_31 out, int *B4x82_out, int *B4x4_33_out,

/l The 8 4x8 SAD output registers, labeleddwy/column
int *B4x8_00_out, int *B4x8_01 out, int *B4x82_out, int *B4x8_03_out,
int *B4x8 10 out, int *B4x8_11 out, int *B4x&2_ out, int *B4x8 13 out,

/I The 8 8x4 SAD output registers, labeleddy/column
int *B8x4_00_out, int *B8x4 01 out,
int *B8x4_10_out, int *B8x4 11 out,
int *B8x4_20_out, int *B8x4 21 out,
int *B8x4_30_out, int *B8x4_31 out,

/I The 4 8x8 SAD output registers, labeleddwy/column
int *B8x8_00_out, int *B8x8_ 01 out,
int *B8x8_10_out, int *B8x8 11 out,

/I The 2 8x16 SAD output registers, labelgablumn
int *B8x16_0_out, int *B8x16_1 out,

/I The 2 16x8 SAD output registers, labelgddw
int *\B16x8 0 _out, int *B16x8 1 out,

/ The 1 16x16 SAD output register
int *B16x16_out

);

1 1

int random_int_between_0_and_255();

1 1

void test_main_data_path_top(){

/I Input Wires & Buses
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int clk, reset, enable, update_Cur_MB;

int broadcast_column_1_a;
int broadcast_column_2_a;
int broadcast_column_3_a;
int broadcast_column_4_a;
int broadcast_column_5_a;
int broadcast_column_6_a;
int broadcast_column_7_a;
int broadcast_column_8_a;
int broadcast_column_9_a;
int broadcast_column_10_a;
int broadcast_column_11 a;
int broadcast_column_12_a;
int broadcast_column_13 a;
int broadcast_column_14_a;
int broadcast_column_15_a;
int broadcast_column_16_a;

int broadcast_column_1 |
int broadcast_column_2_|
int broadcast_column_3_|
int broadcast_column_4 |
int broadcast_column_5_|
int broadcast_column_6_|
int broadcast_column_7_|
int broadcast_column_8_|
int broadcast_column_9

int broadcast_column_1

int broadcast_column_1

int broadcast_column_13
int broadcast_column_14
int broadcast_column_15
int broadcast_column_16

int broadcast_bus_select;
/I Ouput Registers

/I The 16 4x4 SAD output registers; labeled by mmlimn

int B4x4_00_out; int B4x4_01_out; int B4x4_02_out;B4x4_03_out;
int B4x4_10_out; int B4x4_11 out; int B4x4_12 out;B4x4_13 out;
int B4x4 20 out; int B4x4_21 out; int B4x4 22 ot B4x4 23 out;
int B4x4 _30_out; int B4x4_31 out; int B4x4 32 ot B4x4 33 out;

/I The 8 4x8 SAD output registers; labeled by rakimn
int B4x8_00_out; int B4x8 01 out; int B4x8 02 ot B4x8 03_out;
int B4x8_10 out; int B4x8 11 out; int B4x8 12 ot B4x8 13 out;

/I The 8 8x4 SAD output registers; labeled by raimn
int B8x4_00_out; int B8x4_01_out;
int B8x4_10 out; int B8x4 11 out;
int B8x4_20 out; int B8x4 21 out;
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int B8x4 30 _out; int B8x4_31 out;

/I The 4 8x8 SAD output registers; labeled by rakimn
int B8x8_00_out; int B8x8 01_out;
int B8x8_ 10 out; int B8x8 11 out;

/l The 2 8x16 SAD output registers; labeled by oolu
int B8x16_0 out; int B8x16_1_out;

/l The 2 16x8 SAD output registers; labeled by row
int B16x8 0 out; int B16x8_1 out;

/[ The 1 16x16 SAD output register
int B16x16_out;

/I External Registers used for Equivalency Checking
/I Only Registers contained within the upper 8x&aar
/I of the whole 16x16 datapath are included here

/I since this test file (i.e. test_main_data_pat@P)

Il is exclusively only for the upper 19 MVs outtbé

/I total available 41 MVs.

/I The Upper 8 of the 16 4x4 SAD registers; labddgadow/column
int Ex_B4x4_00; int EXx_B4x4 01; int Ex_B4x4 02; Bx_B4x4_03;
int Ex_B4x4_10; int EX B4x4 11; int Ex B4x4 12; Bx_B4x4 13;

/I The Upper 4 of the 8 4x8 SAD registers; labddgaow/column
int Ex_B4x8_00; int Ex_B4x8_01; int Ex_B4x8 02; Ex_B4x8_03;

/I The Upper 4 of the 8 8x4 SAD registers; labddgaow/column
int Ex_B8x4_00; int Ex_B8x4 01,
int Ex B8x4 10; int Ex_B8x4 11;

/I The Upper 2 of the 4 8x8 SAD registers; labddgaow/column
int Ex_B8x8_00; int Ex_B8x8 01;

/I The Upper 1 of the 2 16x8 SAD registers; labddgaow
int Ex_B16x8_0;

int Test_Case = 0;

if ((fp = fopen("output.txt", "w"))==NULL){
fprintf(fp, "\n\n Can not open the output fila\n");
exit(1);

}

/I files created to record the ouput SAD valuesefach varying Block
/I inorder to do formal equivalency cheching aggihs Verilog RTL model
if (B4x4_top = fopen("B4x4_top.txt", "w"))==NULL)
printf("\n\n Can not open the B4x4_top outpig.f\n\n");
exit(1);

}
if (B4x8_top = fopen("B4x8_top.txt", "w"))==NULL)
printf("\n\n Can not open the B4x8_top outpig.fAn\n");
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exit(1);

}

if (B8x4_top = fopen("B8x4_top.txt", "w"))==NULL)
printf("\n\n Can not open the B8x4_top outpig.fAn\n");
exit(1);

}

if (B8x8_top = fopen("B8x8_top.txt", "w"))==NULL)
printf("\n\n Can not open the B8x8_top outpig.f\n\n");
exit(1);

}

if (B16x8_top = fopen("B16x8_top.txt", "w"))==NULK
printf("\n\n Can not open the B16x8_top outplg. Ain\n");
exit(1);

}

I

for (Test_Case = 0; Test_Case<1000; Test_Case++){

int clock_Cycle = 0;
int reference_Cycle = clock_Cycle - 16;
int broadcast_index = 32;

int current_ MB[16][16];
int reference_Data[48][48];

int cur_x, cur_y=0;
int ref_x, ref y=0;

int ref_Block x = 0;
int ref_Block y = 0;

inti,j=0;

int broadcast_ a row = 0;
int broadcast_a_column = 0;
int broadcast b row =33;
int broadcast_b_column = 0;

clkk =1;
reset = 0;
enable = 1;

update_Cur_MB = 16;

broadcast_bus_select = 0;

for (i=0; i<16; i++){
/fprintf(fp, "\n");
for (j=0; j<16; j++){
current_MBJi][j] = random_int_between_0_and_2B55(
[if (current_MBJi][j]<10) fprintf(fp, " %d ', current_MBIi][j]);
llelse if (current_MB]Ji][j]<100) fprintf(fp, " % ", current_MBIi][j]);
llelse fprintf(fp, "%d ", current_ MBJi][i]);
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for (i=0; i<48; i++){
/fprintf(fp, "\n");
for (j=0; j<48; j++){
reference_Data]i][j] = random_int_between_0_&t%b();
[if (current_MBJi][j]<10) fprintf(fp, " %d ', current_MBIi][j]);
Ilelse if (current_MB]Ji][j]J<100) fprintf(fp, " %d ", current_MBIi][j]);
llelse fprintf(fp, "%d ", current_ MBJi][iD);

1 1/

for (clock_Cycle = 0; clock_Cycle<(16+15+1089)pdk_Cycle++){

if (clock_Cycle<16) update_Cur_MB = clock_Cycle;
else {

update_Cur_MB = 16;

reference_Cycle = clock_Cycle - 16;

}

if (reference_Cycle==broadcast_index+16){
broadcast_bus_select = 0;
broadcast_index += 33;

}

if (clock_Cycle<16) {
broadcast_column_1 a = current_MBJ[clock_Cyclg][0
broadcast_column_2_a = current_MBJ[clock_Cyclg][1
broadcast_column_3 a = current_MBJ[clock_Cyclg][2
broadcast_column_4_a = current_MBJ[clock_Cyclg][3
broadcast_column_5 a = current_MBJ[clock_Cyclg][4
broadcast_column_6_a = current_MBJ[clock_Cycle][5
broadcast_column_7_a = current_MBJ[clock_Cycle][6
broadcast_column_8 a = current_MBJ[clock_Cycle][7
broadcast_column_9 _a = current_MBJ[clock_Cyclg][8
broadcast_column_10_a = current_MBJclock_Cycle][9
broadcast_column_11 a = current_MBJclock_Cycle]{1
broadcast_column_12_a = current_MBJ[clock_Cyclg]{1
broadcast_column_13 a = current_MBJ[clock_Cycl2]{1
broadcast_column_14 a = current_MBJ[clock_Cyclg]{1
broadcast_column_15 a = current_MBJ[clock_Cyck]{1
broadcast_column_16_a = current_MBJ[clock_Cyclg]{1

Ylends if clock_Cycle<16

else {
broadcast_column_1_a = reference_Data[broadcasiw][broadcast_a_column+0];
broadcast_column_2_a = reference_Data[broadcasiw][broadcast_a_column+1];
broadcast_column_3_a = reference_Data[broadcasiw][broadcast_a_column+2];
broadcast_column_4_a = reference_Data[broadcasiw][broadcast_a_column+3];
broadcast_column_5 a = reference_Data[broadcastw][broadcast_a column+4];
broadcast_column_6_a = reference_Data[broadcastw][broadcast_a column+5];
broadcast_column_7_a = reference_Data[broadcastw][broadcast_a column+6];
broadcast_column_8 a = reference_Data[broadcastw][broadcast_a column+7];
broadcast_column_9 a =reference_Data[broadcastw][broadcast_a column+8];
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broadcast_column_10_a = reference_Data[broadcastiw][broadcast_a_column+9];

broadcast_column_11 a = reference_Data[broadrasiw][broadcast_a_column+10];
broadcast_column_12_a = reference_Data[broadcasiw][broadcast_a_column+11];
broadcast_column_13 a = reference_Data[broadtasiw][broadcast_a_column+12];
broadcast_column_14 a = reference_Data[broadtasiw][broadcast_a_column+13];
broadcast_column_15 a = reference_Data[broadtasiw][broadcast_a_column+14];
broadcast_column_16_a = reference_Data[broadtasiw][broadcast_a_column+15];

broadcast_a_row++;

if (oroadcast_a_row==33){
broadcast_a _row = 0;
broadcast_a_column++;

if (reference_Cycle>broadcast_index) {
broadcast_bus_select = reference_Cycle-broadudsk;

broadcast_column_1 b =reference_Data[broadzasiw][broadcast_b_column+0];
broadcast_column_2_b = reference_Data[broadzasiw][broadcast_b_column+1];
broadcast_column_3 b =reference_Data[broadzasiw][broadcast_b_column+2];
broadcast_column_4 b =reference_Data[broadzasiw][broadcast_b_column+3];
broadcast_column_5 b =reference_Data[broadzasiw][broadcast_b_column+4];
broadcast_column_6_b = reference_Data[broadzasiw][broadcast_b_column+5];
broadcast_column_7_b =reference_Data[broadezasiw][broadcast_b_column+6];
broadcast_column_8 b =reference_Data[broadezasiw][broadcast_b_column+7];
broadcast_column_9 b =reference_Data[broadezasiw][broadcast_b_column+8];
broadcast_column_10_b = reference_Data[broadzasiw][broadcast_b_column+9];
broadcast_column_11 b = reference_Data[broadzasiw][broadcast b _column+10];
broadcast_column_12 b = reference_Data[broadzasiw][broadcast b _column+11];
broadcast_column_13 b = reference_Data[broadzasiw][broadcast_b_column+12];
broadcast_column_14 b = reference_Data[broadzasiw][broadcast_b_column+13]J;
broadcast_column_15 b = reference_Data[broadzasiw][broadcast_b_column+14J;
broadcast_column_16_b = reference_Data[broadzasiw][broadcast_b_column+15];

broadcast_b_row++;

if (oroadcast_b_row==48){
broadcast_b_row = 33;
broadcast_b_column++;

Ylends if reference_Cycle>broadcast_index

else {
broadcast_column_1 |
broadcast_column_2 |
broadcast_column_3_|
broadcast_column_4 |
broadcast_column_5 b
broadcast_column_6 b
broadcast_column_7_ b
broadcast_column_8 b
broadcast_column_9 b
broadcast_column_10 b

b
b
b
b

LR

o
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broadcast_column_11
broadcast_column_12
broadcast_column_13
broadcast_column_14 |
5|
6_|

broadcast_column_1
broadcast_column_1

leNeNoNoNoNe)

CTCTCTO'O'O'

Il
/I Instantiation

main_data_path (
I/l Input Wires & Buses
clk, reset, enable, update_Cur_MB,

broadcast_column_1_a,
broadcast_column_2_a,
broadcast_column_3_a,
broadcast_column_4_a,
broadcast_column_5_a,
broadcast_column_6_a,
broadcast_column_7_a,
broadcast_column_8_a,
broadcast_column_9 a,
broadcast_column_10_a,
broadcast_column_11 a,
broadcast_column_12_a,
broadcast_column_13 a,
broadcast_column_14 a,
broadcast_column_15 a,
broadcast_column_16_a,

broadcast_column_1 b,
broadcast_column_2 b,
broadcast_column_3 b
broadcast_column_4 b,
broadcast_column_5 b,
broadcast_column_6 b,
broadcast_column_7_b,
broadcast_column_8_b,
broadcast_column_9 b,
broadcast_column_10 b,
broadcast_column_11 b,
broadcast_column_12 b,
broadcast_column_13 b,
broadcast_column_14 b,
broadcast_column_15 b,
broadcast_column_16 b,

broadcast_bus_select,
I/l Ouput Registers

/l The 16 4x4 SAD output registers, labelgadw/column
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&B4x4 _00_out, &B4x4 01 out, &B4x4 02 _out, &BY4 03 out,
&B4x4 10 out, &B4x4 11 out, &B4x4 12 out, &BYA 13 out,
&B4x4 20 out, &B4x4 21 out, &B4x4 22 out, &BYA 23 out,
&B4x4 30 _out, &B4x4_31 out, &B4x4_32_out, &84 33 out,

/l The 8 4x8 SAD output registers, labeleddwy/column
&B4x8 00_out, &B4x8_01_out, &B4x8_02_out, &8 03_out,
&B4x8 10 out, &B4x8_11 out, &B4x8_12 out, &&3 13 out,

/I The 8 8x4 SAD output registers, labeleddy/column
&B8x4 00 _out, &B8x4 01 out,
&B8x4 10 out, &B8x4 11 out,
&B8x4 20 out, &B8x4 21 out,
&B8x4 30 _out, &B8x4 31 out,

/I The 4 8x8 SAD output registers, labeleddy/column
&B8x8_00_out, &B8x8_01_out,
&B8x8 10 out, &B8x8_11 out,

/I The 2 8x16 SAD output registers, labelgatblumn
&B8x16_0_out, &B8x16 1 out,

/l The 2 16x8 SAD output registers, labelgddw
&B16x8 0 _out, &B16x8 1 out,

/l The 1 16x16 SAD output register
&B16x16_out

I 1

/I Independent External Calculation of the 19 (Uppertion Only) MVs using the simplest form
/I possible, in order to cross-reference them widir equivalent internal registers
/I for the purpose of error checking begins.....

if (reference_Cycle<8){
ref Block x=0;
ref Block y =0;
Mlends if
else {
ref Block y++;
if (ref_Block _y==33){
ref Block y=0;
ref Block x++;

}

cur_x=0;
cur_y=0;
ref x=0;
ref y=0;

/I The Upper 8 of the 16 4x4 SAD Equivalency Chagkiegisters:
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Ex_B4x4 00 = abs(current_MB[cur_y+0][cur_x+0] -eef
ence_Data[ref Block_y+ref_y+0][ref_Block x+ref x}0]

+

+

cur_x +=4;
ref x +=4;

abs(current_MB[cur_y+0][cur_x+1] - reference t&jeef Block_y+ref y+0][ref _Block_x+ref x+1])
abs(current_MB[cur_y+0][cur_x+2] - reference t&jeef Block y+ref y+0][ref Block x+ref x+2])
abs(current_MB[cur_y+0][cur_x+3] - reference t&jeef Block y+ref y+0][ref Block x+ref x+3])
abs(current_MB[cur_y+1][cur_x+0] - reference t&jeef Block y+ref y+1][ref Block x+ref x+0])
abs(current_MB[cur_y+1][cur_x+1] - reference t&jeef Block y+ref y+1][ref Block_x+ref x+1])
abs(current_MB[cur_y+1][cur_x+2] - reference t&jeef Block y+ref y+1][ref Block_x+ref x+2])
abs(current_MB[cur_y+1][cur_x+3] - reference t&jeef Block y+ref y+1][ref Block_x+ref x+3])
abs(current_MB[cur_y+2][cur_x+0] - reference t&jeef Block y+ref y+2][ref Block x+ref x+0])
abs(current_MB[cur_y+2][cur_x+1] - reference t&jeef Block y+ref y+2][ref Block x+ref x+1])
abs(current_MB[cur_y+2][cur_x+2] - reference t&jeef Block y+ref y+2][ref Block_x+ref x+2])
abs(current_MB[cur_y+2][cur_x+3] - reference t&jeef Block y+ref y+2][ref Block_x+ref x+3])
abs(current_MB[cur_y+3][cur_x+0] - reference t&jeef Block y+ref y+3][ref Block_x+ref x+0])
abs(current_MB[cur_y+3][cur_x+1] - reference t&jeef Block y+ref y+3][ref Block x+ref x+1])
abs(current_MB[cur_y+3][cur_x+2] - reference t&jeef Block y+ref y+3][ref Block x+ref x+2])

abs(current_MB[cur_y+3][cur_x+3] - reference t&jeef Block y+ref y+3][ref Block x+ref x+3]);

Ex_B4x4 01 = abs(current_MB[cur_y+0][cur_x+0] -eef
ence_Data[ref Block_y+ref y+0][ref_Block x+ref x}0]

+

+

abs(current_MB[cur_y+0][cur_x+1] - reference t&jeef Block_y+ref y+0][ref Block_x+ref x+1])
abs(current_MB[cur_y+0][cur_x+2] - reference t&jeef Block y+ref y+0][ref Block x+ref x+2])
abs(current_MB[cur_y+0][cur_x+3] - reference t&jeef Block y+ref y+0][ref Block x+ref x+3])
abs(current_MB[cur_y+1][cur_x+0] - reference t&jeef Block y+ref y+1][ref Block_x+ref x+0])
abs(current_MB[cur_y+1][cur_x+1] - reference t&jeef Block y+ref y+1][ref Block_x+ref x+1])
abs(current_MB[cur_y+1][cur_x+2] - reference t&jeef Block y+ref y+1][ref Block_x+ref x+2])
abs(current_MB[cur_y+1][cur_x+3] - reference t&jeef Block y+ref y+1][ref Block x+ref x+3])

abs(current_MB[cur_y+2][cur_x+0] - reference t&jeef Block y+ref y+2][ref Block x+ref x+0])
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cur_x +=4;
ref x +=4;

abs(current_MB[cur_y+2][cur_x+1] - reference t&jeef Block_y+ref y+2][ref Block_x+ref x+1])
abs(current_MB[cur_y+2][cur_x+2] - reference t&jeef Block y+ref y+2][ref Block_x+ref x+2])
abs(current_MB[cur_y+2][cur_x+3] - reference t&jeef Block y+ref y+2][ref Block x+ref x+3])
abs(current_MB[cur_y+3][cur_x+0] - reference t&jeef Block y+ref y+3][ref Block x+ref x+0])
abs(current_MB[cur_y+3][cur_x+1] - reference t&jeef Block y+ref y+3][ref Block x+ref x+1])
abs(current_MB[cur_y+3][cur_x+2] - reference t&jeef Block y+ref y+3][ref Block_x+ref x+2])

abs(current_MB[cur_y+3][cur_x+3] - reference t&jeef Block y+ref y+3][ref_Block_ x+ref x+3]);

Ex_B4x4 02 = abs(current_MB[cur_y+0][cur_x+0] -eef
ence_Data[ref _Block_y+ref y+0][ref Block x+ref x}0]

+

+

cur_x +=4;
ref x +=4;

abs(current_MB[cur_y+0][cur_x+1] - reference t&jeef Block y+ref y+0][ref Block x+ref x+1])
abs(current_MB[cur_y+0][cur_x+2] - reference t&jeef Block y+ref y+0][ref _Block_x+ref x+2])
abs(current_MB[cur_y+0][cur_x+3] - reference t&jeef Block_ y+ref y+0][ref _Block_x+ref x+3])
abs(current_MB[cur_y+1][cur_x+0] - reference t&jeef Block y+ref y+1][ref Block_x+ref x+0])
abs(current_MB[cur_y+1][cur_x+1] - reference t&jeef Block y+ref y+1][ref Block x+ref x+1])
abs(current_MB[cur_y+1][cur_x+2] - reference t&jeef Block y+ref y+1][ref Block x+ref x+2])
abs(current_MB[cur_y+1][cur_x+3] - reference t&jeef Block y+ref y+1][ref Block x+ref x+3])
abs(current_MB[cur_y+2][cur_x+0] - reference t&jeef Block_y+ref y+2][ref Block_x+ref x+0])
abs(current_MB[cur_y+2][cur_x+1] - reference t&jeef Block_y+ref y+2][ref Block_x+ref x+1])
abs(current_MB[cur_y+2][cur_x+2] - reference t&jeef Block y+ref y+2][ref Block_x+ref x+2])
abs(current_MB[cur_y+2][cur_x+3] - reference t&jeef Block y+ref y+2][ref Block x+ref x+3])
abs(current_MB[cur_y+3][cur_x+0] - reference t&jeef Block y+ref y+3][ref Block x+ref x+0])
abs(current_MB[cur_y+3][cur_x+1] - reference t&jeef Block y+ref y+3][ref Block_x+ref x+1])
abs(current_MB[cur_y+3][cur_x+2] - reference t&jeef Block y+ref y+3][ref Block_x+ref x+2])

abs(current_MB[cur_y+3][cur_x+3] - reference t&jeef Block y+ref y+3][ref_Block x+ref x+3]);

Ex_B4x4 03 = abs(current_MB[cur_y+0][cur_x+0] -eef
ence_Datafref _Block_y+ref y+0][ref Block x+ref x}0]
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I

cur_x=0;
ref x=0;
cur_y +=4;
ref y +=4;

1

abs(current_MB[cur_y+0][cur_x+1] - reference t&jeef Block y+ref y+0][ref Block_x+ref x+1])
abs(current_MB[cur_y+0][cur_x+2] - reference t&jeef Block y+ref y+0][ref Block_x+ref x+2])
abs(current_MB[cur_y+0][cur_x+3] - reference t&jeef Block y+ref y+0][ref Block x+ref x+3])
abs(current_MB[cur_y+1][cur_x+0] - reference t&jeef Block y+ref y+1][ref Block x+ref x+0])
abs(current_MB[cur_y+1][cur_x+1] - reference t&jeef Block y+ref y+1][ref Block x+ref x+1])
abs(current_MB[cur_y+1][cur_x+2] - reference t&jeef Block y+ref y+1][ref Block_x+ref x+2])
abs(current_MB[cur_y+1][cur_x+3] - reference t&jeef Block y+ref y+1][ref Block_x+ref x+3])
abs(current_MB[cur_y+2][cur_x+0] - reference t&jeef Block_y+ref y+2][ref Block_x+ref x+0])
abs(current_MB[cur_y+2][cur_x+1] - reference t&jeef Block y+ref y+2][ref Block x+ref x+1])
abs(current_MB[cur_y+2][cur_x+2] - reference t&jeef Block y+ref y+2][ref Block x+ref x+2])
abs(current_MB[cur_y+2][cur_x+3] - reference t&jeef Block y+ref y+2][ref Block_x+ref x+3])
abs(current_MB[cur_y+3][cur_x+0] - reference t&jeef Block_y+ref y+3][ref Block_x+ref x+0])
abs(current_MB[cur_y+3][cur_x+1] - reference t&jeef Block_y+ref y+3][ref Block_x+ref x+1])
abs(current_MB[cur_y+3][cur_x+2] - reference t&jeef Block y+ref y+3][ref Block x+ref x+2])
abs(current_MB[cur_y+3][cur_x+3] - reference t&jeef Block y+ref y+3][ref _Block x+ref x+3]);

1

Ex_B4x4 10 = abs(current_MB[cur_y+0][cur_x+0] -eef
ence_Data[ref _Block_y+ref y+0][ref Block x+ref x}0]

+

+

abs(current_MB[cur_y+0][cur_x+1] - reference t&jeef Block y+ref y+0][ref Block x+ref x+1])
abs(current_MB[cur_y+0][cur_x+2] - reference t&jeef Block y+ref y+0][ref Block_x+ref x+2])
abs(current_MB[cur_y+0][cur_x+3] - reference t&jeef Block y+ref y+0][ref Block_x+ref x+3])
abs(current_MB[cur_y+1][cur_x+0] - reference t&jeef Block y+ref y+1][ref Block_x+ref x+0])
abs(current_MB[cur_y+1][cur_x+1] - reference t&jeef Block y+ref y+1][ref Block x+ref x+1])

abs(current_MB[cur_y+1][cur_x+2] - reference t&jeef Block y+ref y+1][ref Block x+ref x+2])
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cur_x +=4;
ref x +=4;

abs(current_MB[cur_y+1][cur_x+3] - reference t&jeef Block y+ref y+1][ref Block_x+ref x+3])
abs(current_MB[cur_y+2][cur_x+0] - reference t&jeef Block_y+ref y+2][ref Block_x+ref x+0])
abs(current_MB[cur_y+2][cur_x+1] - reference t&jeef Block y+ref y+2][ref Block x+ref x+1])
abs(current_MB[cur_y+2][cur_x+2] - reference t&jeef Block y+ref y+2][ref Block x+ref x+2])
abs(current_MB[cur_y+2][cur_x+3] - reference t&jeef Block y+ref y+2][ref Block x+ref x+3])
abs(current_MB[cur_y+3][cur_x+0] - reference t&jeef Block y+ref y+3][ref Block_x+ref x+0])
abs(current_MB[cur_y+3][cur_x+1] - reference t&jeef Block_y+ref y+3][ref Block_x+ref x+1])
abs(current_MB[cur_y+3][cur_x+2] - reference t&jeef Block_y+ref y+3][ref Block_x+ref x+2])

abs(current_MB[cur_y+3][cur_x+3] - reference t&jeef Block y+ref y+3][ref Block x+ref x+3]);

Ex_B4x4 11 = abs(current_MB[cur_y+0][cur_x+0] -eef
ence_Data[ref Block_y+ref _y+0][ref_Block x+ref x}0]

+

+

cur_x +=4;

abs(current_MB[cur_y+0][cur_x+1] - reference t&jeef Block y+ref y+0][ref _Block_x+ref x+1])
abs(current_MB[cur_y+0][cur_x+2] - reference t&jeef Block y+ref y+0][ref _Block_x+ref x+2])
abs(current_MB[cur_y+0][cur_x+3] - reference t&jeef Block y+ref y+0][ref Block x+ref x+3])
abs(current_MB[cur_y+1][cur_x+0] - reference t&jeef Block y+ref y+1][ref Block x+ref x+0])
abs(current_MB[cur_y+1][cur_x+1] - reference t&jeef Block y+ref y+1][ref Block x+ref x+1])
abs(current_MB[cur_y+1][cur_x+2] - reference t&jeef Block y+ref y+1][ref Block_x+ref x+2])
abs(current_MB[cur_y+1][cur_x+3] - reference t&jeef Block y+ref y+1][ref Block_x+ref x+3])
abs(current_MB[cur_y+2][cur_x+0] - reference t&jeef Block_y+ref y+2][ref Block_x+ref x+0])
abs(current_MB[cur_y+2][cur_x+1] - reference t&jeef Block y+ref y+2][ref Block x+ref x+1])
abs(current_MB[cur_y+2][cur_x+2] - reference t&jeef Block y+ref y+2][ref Block x+ref x+2])
abs(current_MB[cur_y+2][cur_x+3] - reference t&jeef Block y+ref y+2][ref Block_x+ref x+3])
abs(current_MB[cur_y+3][cur_x+0] - reference t&jeef Block_y+ref y+3][ref Block_x+ref x+0])
abs(current_MB[cur_y+3][cur_x+1] - reference t&jeef Block y+ref y+3][ref Block_x+ref x+1])
abs(current_MB[cur_y+3][cur_x+2] - reference t&jeef Block y+ref y+3][ref Block x+ref x+2])

abs(current_MB[cur_y+3][cur_x+3] - reference t&jeef Block y+ref y+3][ref Block x+ref x+3]);
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ref x +=4;

Ex_B4x4 12 = abs(current_MB[cur_y+0][cur_x+0] -eef
ence_Data[ref Block_y+ref y+0][ref Block x+ref x}0]

+

+

cur_x +=4;
ref x +=4;

abs(current_MB[cur_y+0][cur_x+1] - reference t&jeef Block y+ref y+0][ref Block x+ref x+1])
abs(current_MB[cur_y+0][cur_x+2] - reference t&jeef Block y+ref y+0][ref Block x+ref x+2])
abs(current_MB[cur_y+0][cur_x+3] - reference t&jeef Block y+ref y+0][ref Block x+ref x+3])
abs(current_MB[cur_y+1][cur_x+0] - reference t&jeef Block y+ref y+1][ref Block_x+ref x+0])
abs(current_MB[cur_y+1][cur_x+1] - reference t&jeef Block y+ref y+1][ref Block_ x+ref x+1])
abs(current_MB[cur_y+1][cur_x+2] - reference t&jeef Block y+ref y+1][ref Block_x+ref x+2])
abs(current_MB[cur_y+1][cur_x+3] - reference t&jeef Block y+ref y+1][ref Block x+ref x+3])
abs(current_MB[cur_y+2][cur_x+0] - reference t&jeef Block y+ref y+2][ref Block x+ref x+0])
abs(current_MB[cur_y+2][cur_x+1] - reference t&jeef Block_y+ref y+2][ref Block_x+ref x+1])
abs(current_MB[cur_y+2][cur_x+2] - reference t&jeef Block y+ref y+2][ref Block_x+ref x+2])
abs(current_MB[cur_y+2][cur_x+3] - reference t&jeef Block y+ref y+2][ref Block_x+ref x+3])
abs(current_MB[cur_y+3][cur_x+0] - reference t&jeef Block y+ref y+3][ref Block x+ref x+0])
abs(current_MB[cur_y+3][cur_x+1] - reference t&jeef Block y+ref y+3][ref Block x+ref x+1])
abs(current_MB[cur_y+3][cur_x+2] - reference t&jeef Block y+ref y+3][ref Block x+ref x+2])

abs(current_MB[cur_y+3][cur_x+3] - reference t&jeef Block y+ref y+3][ref_Block x+ref x+3]);

Ex_B4x4 13 = abs(current_MB[cur_y+0][cur_x+0] -eef
ence_Data[ref Block_y+ref y+0][ref Block x+ref x}0]

+

+

abs(current_MB[cur_y+0][cur_x+1] - reference t&jeef Block y+ref y+0][ref Block x+ref x+1])
abs(current_MB[cur_y+0][cur_x+2] - reference t&jeef Block y+ref y+0][ref Block x+ref x+2])
abs(current_MB[cur_y+0][cur_x+3] - reference t&jeef Block y+ref y+0][ref Block_x+ref x+3])
abs(current_MB[cur_y+1][cur_x+0] - reference t&jeef Block y+ref y+1][ref Block_x+ref x+0])
abs(current_MB[cur_y+1][cur_x+1] - reference t&jeef Block y+ref y+1][ref Block_ x+ref x+1])
abs(current_MB[cur_y+1][cur_x+2] - reference t&jeef Block y+ref y+1][ref Block x+ref x+2])

abs(current_MB[cur_y+1][cur_x+3] - reference t&jeef Block y+ref y+1][ref Block x+ref x+3])
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abs(current_MB[cur_y+2][cur_x+0] - reference t&jeef Block_y+ref y+2][ref Block_x+ref x+0])

' abs(current_MB[cur_y+2][cur_x+1] - reference t&jeef Block y+ref y+2][ref Block_x+ref x+1])
' abs(current_MB[cur_y+2][cur_x+2] - reference t&jeef Block y+ref y+2][ref Block x+ref x+2])
' abs(current_MB[cur_y+2][cur_x+3] - reference t&jeef Block y+ref y+2][ref Block x+ref x+3])
' abs(current_MB[cur_y+3][cur_x+0] - reference t&jeef Block y+ref y+3][ref Block x+ref x+0])
' abs(current_MB[cur_y+3][cur_x+1] - reference t&jeef Block y+ref y+3][ref Block_x+ref x+1])
' abs(current_MB[cur_y+3][cur_x+2] - reference t&jeef Block_y+ref y+3][ref Block_x+ref x+2])
+

abs(current_MB[cur_y+3][cur_x+3] - reference t&jeef Block_y+ref y+3][ref_Block x+ref x+3]);

I 1

/I The Upper 4 of the 8 4x8 SAD Equivalency Chegkiegisters
Ex_B4x8_00 = Ex_B4x4_00 + Ex_B4x4_10;
Ex_B4x8_01 = Ex_B4x4 01 + Ex_B4x4_11;
Ex_B4x8_02 = Ex_B4x4_02 + Ex_B4x4_12;
Ex_B4x8_03 = Ex_B4x4_03 + Ex_B4x4_13;
/I The Upper 4 of the 8 8x4 SAD Equivalency Chegkiagisters

Ex_B8x4 00 = Ex_B4x4 00 + Ex_B4x4 01,
Ex_B8x4 01 = Ex_B4x4 02 + Ex_B4x4_03;

Ex B8x4 10 =Ex B4x4 10+ Ex _B4x4 11;
Ex B8x4 11 =Ex B4x4 12 + Ex _B4x4 13;

/I The Upper 2 of the 4 8x8 SAD Equivalency Chegkiagisters

Ex_B8x8_00 = Ex_B8x4_00 + Ex_B8x4_10;
Ex_B8x8_01 = Ex_B8x4_01 + Ex_B8x4_11:

/I The Upper 1 of the 2 16x8 SAD Equivalency Chagkiegisters
Ex B16x8 0 =Ex B8x8 00 + Ex_B8x8 01,

I 1

/I Equivalency Checking Code:

if ((reference_Cycle>=7)&(reference_Cycle<1096)){

/lthe upper 8 half of the B4x4 blocks (i.e. thp &out of 16) are checked here

if (B4x4_00_out!=Ex_B4x4_00) printf("\n\nError B4x00! Expected: %d Got: %d\n\n", Ex_B4x4 00,
B4x4 00 out);

if (B4x4_01_out!l=Ex_B4x4_01) printf("\n\nError B4x01! Expected: %d Got: %d\n\n", Ex_B4x4 01,
B4x4 01 out);

if (B4x4_02_out!l=Ex_B4x4_02) printf("\n\nError B4x02! Expected: %d Got: %d\n\n", Ex_B4x4 02,
B4x4 _02_out);
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if (B4x4_03_out!=Ex_B4x4_03) printf("\n\nError B4x03! Expected: %d Got: %d\n\n", Ex_B4x4 03,
B4x4_03_out);

if (B4x4_10_out!=Ex_B4x4 _10) printf("\n\nError B4x10! Expected: %d Got: %d\n\n", Ex_B4x4 10,
B4x4 10 out);

if (B4x4_11 out!l=Ex_B4x4 _11) printf("\n\nError B4x11! Expected: %d Got: %d\n\n", Ex_B4x4 11,
B4x4 11 out);

if (B4x4_12 out!l=Ex_B4x4 _12) printf("\n\nError B4x12! Expected: %d Got: %d\n\n", Ex_B4x4 12,
B4x4 12 out);

if (B4x4_13_out!l=Ex_B4x4 _13) printf("\n\nError B4x13! Expected: %d Got: %d\n\n", Ex_B4x4 13,
B4x4 13 out);

fprintf(B4x4_top, "%s\n", int2Bin_13bits(B4x4_00uD);

[ffprintf(B4x4_top, "%s  %d\n", int2Bin_13biB4x4_00_out), B4x4 00_out);

fprintf(B4x4_top, "%s\n", int2Bin_13bits(B4x4_01uD);

fprintf(B4x4_top, "%s\n", int2Bin_13bits(B4x4_02uD);

fprintf(B4x4_top, "%s\n", int2Bin_13bits(B4x4_03uD);

fprintf(B4x4_top, "%s\n", int2Bin_13bits(B4x4_10uD);

fprintf(B4x4_top, "%s\n", int2Bin_13bits(B4x4_11ub);

fprintf(B4x4_top, "%s\n", int2Bin_13bits(B4x4_12ub);

fprintf(B4x4_top, "%s\n", int2Bin_13bits(B4x4_13ub);

/I the upper 4 of the 8 B4x8 blocks

if (B4x8_00_out!=Ex_B4x8_00) printf("\n\nError B8x00! Expected: %d Got: %d\n\n", Ex_B4x8_00,
B4x8_00_out);

if (B4x8_01_out!=Ex_B4x8 01) printf("\n\nError B8x01! Expected: %d Got: %d\n\n", Ex_B4x8_01,
B4x8_01_out);

if (B4x8_02_out!=Ex_B4x8_02) printf("\n\nError B8x02! Expected: %d Got: %d\n\n", Ex_B4x8_02,
B4x8 02_out);

if (B4x8_03_out!=Ex_B4x8 _03) printf("\n\nError B8x03! Expected: %d Got: %d\n\n", Ex_B4x8_ 03,
B4x8 03_out);

fprintf(B4x8_top, "%s\n", int2Bin_14bits(B4x8_00uD);

fprintf(B4x8_top, "%s\n", int2Bin_14bits(B4x8_01ub);

fprintf(B4x8_top, "%s\n", int2Bin_14bits(B4x8_02ub);

fprintf(B4x8_top, "%s\n", int2Bin_14bits(B4x8_03uD);

/I the upper 4 of the 8 B8x4 blocks

if (B8x4_00_out!=Ex_B8x4_00) printf("\n\nError B8x00! Expected: %d Got: %d\n\n", Ex_B8x4_ 00,
B8x4_00_out);

if (B8x4_01_out!=Ex_B8x4_01) printf("\n\nError B8x01! Expected: %d Got: %d\n\n", Ex_B8x4 01,
B8x4 01 out);

if (B8x4_10_ out!=Ex_B8x4_10) printf("\n\nError B8x10! Expected: %d Got: %d\n\n", Ex_B8x4 10,
B8x4 10 out);

if (B8x4_11 out!l=Ex_B8x4_11) printf("\n\nError B8x11! Expected: %d Got: %d\n\n", Ex_B8x4 11,
B8x4 11 out);

fprintf(B8x4_top, "%s\n", int2Bin_14bits(B8x4_00uD);

fprintf(B8x4_top, "%s\n", int2Bin_14bits(B8x4_01uD);

fprintf(B8x4_top, "%s\n", int2Bin_14bits(B8x4_10uD);

fprintf(B8x4_top, "%s\n", int2Bin_14bits(B8x4_11uD);

/l the upper 2 of the 4 B8x8 blocks

if (B8x8_00_out!=Ex_B8x8_00) printf("\n\nError B8x00! Expected: %d Got: %d\n\n", Ex_B8x8_00,
B8x8 00 out);

if (B8x8_01_ out!l=Ex_B8x8_01) printf("\n\nError B8x01! Expected: %d Got: %d\n\n", Ex_B8x8 01,
B8x8 01 out);

fprintf(B8x8_top, "%s\n", int2Bin_15bits(B8x8_00uD);
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fprintf(B8x8_top, "%s\n", int2Bin_15bits(B8x8_01uD);

/l the upper 1 of the 2 B16x8 blocks

if (B16x8_0_out!l=Ex_B16x8_0) printf("\n\nError B8 0! Expected: %d Got: %d\n\n", Ex_B16x8_0,
B16x8 0 out);

fprintf(B16x8_top, "%s\n", int2Bin_16bits(B16x8_©0ut));
}

}I ends the clock_Cycle loop
Ylends the Test_Case loop of 1000

fclose(fp);
Y/ ends test_main_data_path_top()
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#include <stdlib.h>
#include <stdio.h>

FILE *mem_A file;
FILE *mem_B_file;
FILE *ref_pixels;

/I This Function tests the on-chip memory unit.
/I External Functions located in other Project &ile

I 1/
void on_chip_mem (// inputs

int write_enable,

int address, // 6-bits (i.e. 0 to 47 segisiel rows)

int load_bottom,

int load_top,

intread_LO L1,
intread L1 L2,
intread L2 L3,

int block_66x16_mem_1 [66][16],
int block_66x16_mem_2 [66][16],
int block_30x16_mem_1 [66][16],
int block_30x16_mem_2 [66][16],

int *partition_A_Counter,
int *partition_B_Counter,

/l Input Bus

int dataln_32_Bytes[32],

[/l Output Buses

int dataOut_31_Bytes_A[32],// an extra hyi¢he array is added
int dataOut_31_Bytes B[32] // for programmiconvenience

);
int random_int_between_0_and_255();

I 1

void test_mem(){

/I The Static Memory Blocks that are Used
int block_66x16_mem_1 [66][16];
int block_66x16_mem_2 [66][16];
int block_30x16_mem_1 [66][16];
int block_30x16_mem_2 [66][16];

/I Input Wires & Buses

int write_enable,
address, // 6-bits (i.e. 0 to 47 search pixel jows
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load_bottom,
load_top;

intread_LO L1,read L1 L2,read L2 L3;

/[ Input Bus
intinput_ BUS_32bytes[32];

/I Ouput Buses
int output_ BUS_31bytes A[32]; // an extra bytehe frray is added
int output_BUS_31bytes B[32]; // for programmingigenience

int Test Case = 0;

if ((mem_A_file = fopen("mem_A_out.txt", "w"))==NUL){
fprintf(mem_A_file, "\n\n Can not open the outfiile. \n\n");
exit(1);

if ((mem_B_file = fopen("mem_B_out.txt", "w"))==NULY{
fprintf(mem_B_file, "\n\n Can not open the outfite. \n\n");
exit(1);

}

if ((ref_pixels = fopen("ref_pixels.txt", "w"))==NUL)Y{
printf("\n\n Can not open the ref_pixels outfilg. \n\n");
exit(1);

}

I

for (Test_Case = 0; Test_Case<1; Test_Case++){

int clock_Cycle = 0;

int reference_Data[48][64];
inti,j=0;

int value, value_A, value_B;

int partition_A_Counter = 0;
int partition_B_Counter = 0;

write_enable = 0;
address =0;
load_bottom =0;
load_top = 0;

read LO L1=0;
read L1 L2=0;
read L2 L3=0;

fprintf(ref_pixels, "\n");
for (i=0; i<48; i++){
for (j=0; j<64; j++){
reference_Data[i][j] = (i*100)+j;
value = reference_Datali][j];
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if  (value<10) fprintf(ref_pixels, " %d, value);

else if (value<100) fprintf(ref_pixels, " %4 value);
else if (value<1000) fprintf(ref_pixels, " %d value);
else fprintf(ref_pixels, "%d ", value);

}
fprintf(ref_pixels, "\n");

I 1

for (clock_Cycle = 0; clock_Cycle<210; clock_Cyefe{// 210 = 48 + 48 + (3*33) + 15

if (clock_Cycle<96) write_enable = 1;
else write_enable = 0;

if (clock_Cycle<48){
load_bottom = 1;
for (i=0; i<32; i++){
input_BUS_32bytes[i] = reference_Data[clock_[&}[d;
}
}

else load_bottom = 0;

if ((clock_Cycle>47) && (clock_Cycle<96))}{
load_top =1;
for (i=0; i<32; i++){
input_BUS_32bytes[i] = reference_Data[clock_ley8][i+32];
}

else load_top = 0;

if ((clock_Cycle>95) && (clock Cycle<129))
read LO L1=1;
elseread LO L1=0;

if ((clock_Cycle>128) && (clock_Cycle<162))
read L1 L2=1;
elseread L1 L2 =0;

if (clock_Cycle>161)
read L2 L3=1;
elseread L2 L3 =0;

I //
/I Instantiation of the Device Unter Test (DUT).itke on chip memory

on_chip_mem (// inputs
write_enable,
address, // 6-bits (i.e. 0 to 47 searclelpiaws)
load_bottom,
load_top,

read_LO L1,
read L1 L2,
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read L2 L3,

block_66x16 _mem 1,
block_66x16_mem_2,
block_30x16_mem_1,
block_30x16_mem_2,

&partition_A_Counter,
&partition_B_Counter,

/l Input Bus
input_BUS_32bytes,

[/l Output Buses
output_BUS_31bytes_A,
output_BUS_31bytes B
)i

if (clock_Cycle>95){

fprintf(mem_A_file, "\n");

fprintf(mem_B_file, "\n");

if (clock_Cycle<100){
fprintf(mem_A_file, " %d ", clock_Cycle);
fprintf(mem_B_file, " %d ", clock_Cycle);

}
else{
fprintf(mem_A _file, "%d ", clock_Cycle);
fprintf(mem_B_file, "%d ", clock_Cycle);
}

for (i=0; i<31; i++){

value_A = output_BUS_31bytes_A[i];

value_B = output_ BUS 31bytes BJil;
if  (value_A<10) fprintf(mem_A file," &b ", value_A);
else if (value_A<100) fprintf(mem_A_file, " %W value_A);
else if (value_A<1000) fprintf(mem_A_file, " %4 value_A);
else fprintf(mem_A _file, "%d ", value_A);
if  (value_B<10) fprintf(mem_B file," @&b", value_B);
else if (value_B<100) fprintf(mem_B_file, " %Y value_B);
else if (value_B<1000) fprintf(mem_B_file, " %4 value_B);
else fprintf(mem_B_file, "%d ", value_B);

}

if ((clock_Cycle==128) || (clock_Cycle==161) |lo@k_Cycle==194) || (clock_Cycle==227)}
fprintf(mem_A_file, "\n\n");
fprintf(mem_B_file, "\n\n");

}

}I ends if clock_Cycle>95

address++;
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if (address==48) address = 0;
}I ends the clock_Cyle for loop

}I ends the Test Case for loop

}! ends the main void test_mem() function
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7.3 Condensed Synthesis Reports

This section contains the shortened Synthesis Réipwdata for 6 designs in total. The first
five reports are for the designs with 1, 2, 4,8 46 PPUs utilized (all with external memory
assumed). The last'8eport gives the condensed synthesis results éomplete system design
that uses 16 PPUs and double-buffering to storeseamch windows simultaneously on-chip.

First design results with 1 PPU utilized:

Release 9.2i - xst J.36

Copyright (c) 1995-2007 Xilinx, Inc. All rights served.
--> Parameter TMPDIR set to ./xst/projnav.tmp
CPU:0.00/0.20 s | Elapsed : 0.00/0.00 s

--> Parameter xsthdpdir set to ./xst
CPU:0.00/0.20 s | Elapsed : 0.00/0.00 s

--> Reading design: main_data_path.pr;j

---- Source Parameters

Input File Name : "main_data hpptj"
Input Format : mixed

Ignore Synthesis Constraint File : NO

---- Target Parameters

Output File Name : "main_datahpat
Output Format :NGC

Target Device : Xc5vIx330-2-160
---- Source Options

Top Module Name : main_data_path
Automatic FSM Extraction :YES

FSM Encoding Algorithm : Auto

Safe Implementation : No

FSM Style s lut

RAM Extraction - Yes

RAM Style : Auto

ROM Extraction :Yes

Mux Style : Auto

Decoder Extraction :YES

Priority Encoder Extraction :YES

Shift Register Extraction " YES

Logical Shifter Extraction " YES
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XOR Collapsing " YES

ROM Style : Auto

Mux Extraction : YES
Resource Sharing : YES
Asynchronous To Synchronous :NO
Use DSP Block :auto
Automatic Register Balancing : No

---- Target Options

Add 10 Buffers : YES

Global Maximum Fanout : 100000

Add Generic Clock Buffer(BUFG) : 32

Register Duplication " YES

Slice Packing " YES

Optimize Instantiated Primitives : NO

Use Clock Enable : Auto

Use Synchronous Set : Auto

Use Synchronous Reset - Auto

Pack IO Registers into IOBs : auto
Equivalent register Removal - YES

---- General Options

Optimization Goal : Speed
Optimization Effort 01

Power Reduction :NO

Library Search Order : main_data_psoh
Keep Hierarchy :NO

RTL Output :Yes

Global Optimization : AliClockNets
Read Cores - YES

Write Timing Constraints :NO

Cross Clock Analysis :NO

Hierarchy Separator o

Bus Delimiter P>

Case Specifier : maintain

Slice Utilization Ratio 1100

BRAM Utilization Ratio 1100

DSPA48 Utilization Ratio 1100

Verilog 2001 : YES

Auto BRAM Packing :NO

Slice Utilization Ratio Delta  : 5

* HDL Compilation *
* Design Hierarchy Analysis *

Analyzing hierarchy for module <main_data_path#ibnary <work>.

Analyzing hierarchy for module <four_by four_blockelibrary <work>.
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Analyzing hierarchy for module <four_stage_delaye} in library <work>.
Analyzing hierarchy for module <eight_stage_delae* in library <work>.
Analyzing hierarchy for module <Row_Adder_0> inrlby <work>.
Analyzing hierarchy for module <Row_Adder_1_ CSASibrary <work>.
Analyzing hierarchy for module <Row_Adder_2_CSASibrary <work>.
Analyzing hierarchy for module <Row_Adder_3_ CSASibrary <work>.
Analyzing hierarchy for module <PE_AD> in libraryverk>.

Analyzing hierarchy for module <PE_AD_CSA> in libyacwork>.
Analyzing hierarchy for module <CSA 8> in libraryerk>.

Analyzing hierarchy for module <CSA 9> in libraryerk>.

Analyzing hierarchy for module <CSA_Full_Adder>lirary <work>.

Unit <CU_1> synthesized.

Advanced HDL Synthesis Report

Macro Statistics

# ROMs 01
16x15-bit ROM 01
# Adders/Subtractors 1441
10-bit adder 116
11-bit adder carry in .16
12-bit adder carry in .16
13-bit adder carry in 116
14-bit adder 116
15-bit adder 14
16-bit adder 14
17-bit adder 01
8-bit adder . 64
9-bit adder : 288
# Registers : 393
10-bit register 16
11-bit register 16
12-bit register 16
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13-bit register 48

14-bit register 116

15-bit register 120

16-bit register 14

17-bit register o

8-bit register : 256

# Xors : 2656

1-bit xor3 : 2400

8-bit xor2 : 256

* Low Level Synthesis *

Optimizing unit <main_data_path> ...
Optimizing unit <four_stage_delay _line> ...
Optimizing unit <eight_stage_delay_line> ...
Optimizing unit <PE_AD_CSA> ...
Optimizing unit <Row_Adder_0> ...
Optimizing unit <Row_Adder_1_CSA> ...
Optimizing unit <Row_Adder_2 CSA> ...
Optimizing unit <Row_Adder_3 CSA> ...
Optimizing unit <four_by four_block> ...
Mapping all equations...

Building and optimizing final netlist ...
Found area constraint ratio of 100 (+ 5) on blogimmdata_path, actual ratio is 6.

Final Macro Processing ...

Processing Unit <CU_8> :
Unit <CU_8> processed.

Final Register Report

Macro Statistics

# Registers : 3283

Flip-Flops 13283
# Shift Registers 1134
3-bit shift register 1104
7-bit shift register :30
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Partition Implementation Status

No Partitions were found in this design.

Final Results

RTL Top Level Output File Name
Top Level Output File Name

Output Format
Optimization Goal
Keep Hierarchy

Design Statistics
#10s

Cell Usage :

# BELS

# GND

# LUT1

# LUT2

# LUT3

# LUT4

# LUTS

# LUT6

#  MUXCY
# VCC

#  XORCY

# FlipFlops/Latches
# FDE

# FDRE

# Shift Registers
# SRLC32E
# Clock Buffers
# BUFGP

# 10 Buffers

# IBUF

# OBUF

: main_data_pagh
: main_data_path
:NGC
: Speed
:NO

1841

: 14659

01

148

: 2004

1400

11838

1424

: 3864
13188

01
12891

13417

1134

: 3283
1134

Device utilization summary:

Selected Device : 5vIx330ff1760-2
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Slice Logic Utilization:

Number of Slice Registers: 3417 ou2®7360 1%

Number of Slice LUTs: 8712 out207360 4%
Number used as Logic: 8578 ouR67360 4%
Number used as Memory: 134 oubd¥20 0%

Number used as SRL: 134

Slice Logic Distribution:

Number of Bit Slices used: 10175
Number with an unused Flip Flop 6758 outléfl75 66%
Number with an unused LUT: 1463 outldfl75 14%
Number of fully used Bit Slices: 1954 outd®175 19%

IO Utilization:

Number of |10s: 841

Number of bonded 10Bs: 841 out®200 70%

Specific Feature Utilization:
Number of BUFG/BUFGCTRLS: 2 outof32 6%

Partition Resource Summary:

No Partitions were found in this design.

TIMING REPORT

NOTE: THESE TIMING NUMBERS ARE ONLY A SYNTHESIS ESWIATE.
FOR ACCURATE TIMING INFORMATION PLEASE REFERO THE TRACE REPORT
GENERATED AFTER PLACE-and-ROUTE.

Clock Information:

+ + +
Clock Signall | Clock buffeF(Rame) | Load |

+ + +
clk | BUFGP | 3551 |

+ + +

Asynchronous Control Signals Information:

No asynchronous control signals found in this desig
Timing Summary:

Speed Grade: -2

Minimum period: 4.983ns (Maximum Frequency: Z30OMHz)
Minimum input arrival time before clock: 6.380ns
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Maximum output required time after clock: 2.885n
Maximum combinational path delay: No path found

Timing Detail:

Timing constraint: Default period analysis for Gtdclk’
Clock period: 4.983ns (frequency: 200.690MHz)
Total number of paths / destination ports: 11527286503

Delay: 4.983ns (Levels of Logic = 16)
Source: B4x4 _03_B/PSAD_0/AD3/C_Regite 0 (FF)
Destination: B4x4 03_B/PSAD_O0O/PSAD_O0_8 (FF)
Source Clock:  clk rising
Destination Clock: clk rising

Data Path: B4x4 03 _B/PSAD_0/AD3/C_Registered B4r4 03 _B/PSAD_O/PSAD 0 8
Gate Net
Cell:in->out  fanout Delay Delay LogidcName (Net Name)

FDRE:C->Q 9 0.396 0.449 B483@ B/PSAD_0/AD3/C_Registered_0
(B4x4_03_B/PSAD_0/AD3/C_Registered_0)

LUT2:11->0 3 0.086 0.000 B4%¥8 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_lut<0>
(B4x4_03_B/PSAD_0/AD3/Nine_Bit_Sum<0>)

MUXCY:S->0 1 0.305 0.000 B408 B/PSAD_O0/AD3/Madd_Nine_Bit_Sum_cy<0>
(B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<0>)

MUXCY:CI->0 1 0.023 0.000 B43B B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<1>
(B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<1>)

MUXCY:CI->0 1 0.023 0.000 B43B B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<2>
(B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<2>)

MUXCY:CI->0 1 0.023 0.000 B4B B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<3>
(B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<3>)

MUXCY:CI->0 1 0.023 0.000 B4B B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<4>
(B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<4>)

MUXCY:CI->0 1 0.023 0.000 B4B B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<5>
(B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<5>)

MUXCY:CI->0 1 0.023 0.000 B43B B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<6>
(B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<6>)

MUXCY:CI->O 9 0.222 0.938 B40B_B/PSAD_O0/AD3/Madd_Nine_Bit_Sum_cy<7>
(B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<7>)

LUT6:10->0 1 0.086 0.487 B4%8 B/PSAD_0/AD3_Out<5>1
(B4x4_03_B/PSAD_0/AD3_Out<5>)

LUT2:10->0 1 0.086 0.000 B4%8 B/PSAD_O/Madd_Nine_Bit_ Sum_2_lut<5>
(B4x4_03_B/PSAD_0/N50)

MUXCY:S->0 1 0.305 0.000 B4@8 B/PSAD_0/Madd_Nine_Bit_Sum_2_cy<5>
(B4x4_03_B/PSAD_0/Madd_Nine_Bit_Sum_2_cy<5>)

XORCY:CI->0 3 0.300 0.496 B4®8 B/PSAD_0/Madd_Nine_Bit_Sum_2_xor<6>
(B4x4_03_B/PSAD_0/Nine_Bit_Sum_2<6>)

LUT6:14->0 1 0.086 0.000 B4%8 B/PSAD_0/Madd_PSAD_0_add0000_Madd_lut<7>
(B4x4_03_B/PSAD_0/N59)

MUXCY:S->0 1 0.305 0.000 B4%8 B/PSAD_0/Madd_PSAD_0_add0000_Madd_cy<7>

(B4x4_03_B/PSAD_0/Madd_PSAD_0_add0000_Madd_cy<7>)
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XORCY:CI->0 1 0.300 0.000 B4©8 B/PSAD_0/Madd_PSAD_0_add0000_Madd_ xor<8>
(B4x4_03_B/PSAD_0/PSAD_0_add0000<8>)

FDRE:D -0.022 B4®8 B/PSAD_0/PSAD_0 8

Total 4.983ns (2.613n9dp@.370ns route)

(52.4% logi¥ .6% route)

Timing constraint: Default OFFSET IN BEFORE for €koclk'
Total number of paths / destination ports: 1222119618

Offset: 6.380ns (Levels of Logic = 18)
Source: bus_Select<3> (PAD)
Destination: B4x4 33 _B/PSAD_O0O/PSAD_O0_8 (FF)
Destination Clock: clk rising

Data Path: bus_Select<3> to B4x4_33 B/PSAD_0/PSAB
Gate Net
Celliin->out  fanout Delay Delay LogidcName (Net Name)

IBUF:1->0 2190 0.694 0.844 buslest 3 IBUF (bus_Select_3 IBUF)

LUT4:10->0 184 0.086 0.619 Mroous_Select rom000041 (Mrom_bus_Select rom00003)

LUT4:12->0 4 0.086 0.000 B4288 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_lut<0>
(B4x4_33_B/PSAD_0/AD3/Nine_Bit_Sum<0>)

MUXCY:S->0 1 0.305 0.000 B488 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<0>
(B4x4_33_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<0>)

MUXCY:CI->0 1 0.023 0.000 B4x3B B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<1>
(B4x4_33_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<1>)

MUXCY:CI->0 1 0.023 0.000 B4x33 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<2>
(B4x4_33_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<2>)

MUXCY:CI->0 1 0.023 0.000 B4x33 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<3>
(B4x4_33_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<3>)

MUXCY:CI->0 1 0.023 0.000 B4x3B B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<4>
(B4x4_33_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<4>)

MUXCY:CI->0 1 0.023 0.000 B4x3B B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<5>
(B4x4_33_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<5>)

MUXCY:CI->0 1 0.023 0.000 B4x3B B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<6>
(B4x4_33_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<6>)

MUXCY:CI->0 9 0.222 0.938 B4x@B B/PSAD_O0/AD3/Madd_Nine_Bit_Sum_cy<7>
(B4x4_33_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<7>)

LUT6:10->0 1 0.086 0.487 B488 B/PSAD_0/AD3_Out<5>1
(B4x4_33_B/PSAD_0/AD3_Out<5>)

LUT2:10->0 1 0.086 0.000 B488 B/PSAD_0/Madd_Nine_Bit_Sum_2_lut<5>
(B4x4_33_B/PSAD_0/N50)

MUXCY:S->0 1 0.305 0.000 B488 B/PSAD_0/Madd_Nine_Bit_Sum_2_cy<5>
(B4x4_33 B/PSAD_0/Madd_Nine_Bit_Sum_2_cy<5>)

XORCY:CI->0 3 0.300 0.496 B488 B/PSAD_0/Madd_Nine_Bit_Sum_2_xor<6>
(B4x4_33_B/PSAD_0/Nine_Bit_Sum_2<6>)

LUT6:14->0 1 0.086 0.000 B488 B/PSAD_0/Madd_PSAD_0_add0000_Madd_lut<7>
(B4x4_33_B/PSAD_0/N59)

MUXCY:S->0 1 0.305 0.000 B488 B/PSAD_0/Madd_PSAD_0_add0000_Madd_cy<7>
(B4x4_33_B/PSAD_0/Madd_PSAD_0_add0000_Madd_cy<7>)

XORCY:CI->0 1 0.300 0.000 B488 B/PSAD_0/Madd_PSAD_0_add0000_Madd_ xor<8>

(B4x4_33_B/PSAD_O/PSAD_0_add0000<8>)
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FDRE:D -0.022 B488 B/PSAD_O0/PSAD_0_8

Total 6.380ns (2.997n4dp§.383ns route)
(47.0% logh3.0% route)

Timing constraint: Default OFFSET OUT AFTER for Clo'clk’
Total number of paths / destination ports: 5833

Offset: 2.835ns (Levels of Logic = 1)
Source: B4x4_10_B/PSAD_3/PSAD_3_12)(FF
Destination: B4x4_10_ out<12> (PAD)
Source Clock:  clk rising

Data Path: B4x4_10_B/PSAD_3/PSAD_3 12 to B4x4olf<12>
Gate Net
Cell:in->out  fanout Delay Delay LogidcName (Net Name)

FDRE:C->Q 3 0.396 0.295 B4x@ B/PSAD_3/PSAD_3 12 (B4x4_10_B/PSAD_3/PSAD_3 12)
OBUF:1->0 2.144 B4¥D out_12_OBUF (B4x4_10_out<12>)
Total 2.835ns (2.540n9dp@.295ns route)

(89.6% logi®.4% route)

CPU : 274.81/275.05 s | Elapsed : 275.00 / 275.00

>
Total memory usage is 550700 kilobytes
Number of errors : 0 ( O filtered)

Number of warnings : 0 (O filtered)
Number of infos : 0 ( O filtered)

Second design results with 2 PPUs utilized:

Release 9.2i - xst J.36

Copyright (c) 1995-2007 Xilinx, Inc. All rights served.
--> Parameter TMPDIR set to ./xst/projnav.tmp
CPU:0.00/0.20 s | Elapsed : 0.00/0.00 s

--> Parameter xsthdpdir set to ./xst
CPU:0.00/0.20 s | Elapsed : 0.00/0.00 s

--> Reading design: CU_2.prj
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---- Source Parameters

Input File Name :"CU_2.prj"
Input Format : mixed
Ignore Synthesis Constraint File : NO

---- Target Parameters

Output File Name :"CU_2"
Output Format :NGC
Target Device : Xc5vIx330-2-160
---- Source Options

Top Module Name :CU_2
Automatic FSM Extraction " YES
FSM Encoding Algorithm : Auto
Safe Implementation : No
FSM Style s lut

RAM Extraction :Yes
RAM Style : Auto

ROM Extraction i Yes
Mux Style : Auto
Decoder Extraction - YES
Priority Encoder Extraction :YES
Shift Register Extraction " YES
Logical Shifter Extraction :YES
XOR Collapsing :YES
ROM Style : Auto

Mux Extraction : YES
Resource Sharing : YES
Asynchronous To Synchronous :NO
Use DSP Block :auto
Automatic Register Balancing : No

---- Target Options

Add IO Buffers " YES
Global Maximum Fanout : 100000
Add Generic Clock Buffer(BUFG) : 32
Register Duplication " YES
Slice Packing " YES
Optimize Instantiated Primitives : NO
Use Clock Enable : Auto
Use Synchronous Set : Auto
Use Synchronous Reset - Auto
Pack IO Registers into IOBs : auto
Equivalent register Removal :YES

---- General Options

Optimization Goal : Speed
Optimization Effort 01

Power Reduction :NO

Library Search Order : CU_2.Iso
Keep Hierarchy :NO

RTL Output :Yes

Global Optimization : AliClockNets
Read Cores - YES
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Write Timing Constraints :NO
Cross Clock Analysis :NO
Hierarchy Separator o

Bus Delimiter i<>

Case Specifier : maintain
Slice Utilization Ratio : 100
BRAM Utilization Ratio : 100
DSP48 Utilization Ratio : 100
Verilog 2001 : YES
Auto BRAM Packing :NO

Slice Utilization Ratio Delta :5

Analyzing hierarchy for module <CU_2> in library evk>.

Analyzing hierarchy for module <main_data_path#bnary <work>.
Analyzing hierarchy for module <four_by four_blockwlibrary <work>.
Analyzing hierarchy for module <four_stage_delaye# in library <work>.
Analyzing hierarchy for module <eight_stage_delae* in library <work>.
Analyzing hierarchy for module <Row_Adder_0> inriby <work>.
Analyzing hierarchy for module <Row_Adder_1_CSASibrary <work>.
Analyzing hierarchy for module <Row_Adder_2_CSASibrary <work>.
Analyzing hierarchy for module <Row_Adder_3_ CSASibrary <work>.
Analyzing hierarchy for module <PE_AD> in libraryverk>.

Analyzing hierarchy for module <PE_AD_CSA> in libyacwork>.
Analyzing hierarchy for module <CSA_ 8> in libraryerk>.

Analyzing hierarchy for module <CSA 9> in libraryerk>.

Analyzing hierarchy for module <CSA_Full_Adder>lirary <work>.

Unit <CU_2> synthesized.
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* Advanced HDL Synthesis *

Advanced HDL Synthesis Report

Macro Statistics

# ROMs 12
16x15-bit ROM 12
# Adders/Subtractors : 882
10-bit adder 132
11-bit adder carry in 132
12-bit adder carry in 132
13-bit adder carry in 132
14-bit adder 132
15-bit adder 8
16-bit adder 8
17-bit adder 12
8-bit adder 1128
9-bit adder : 576
# Registers : 8183
Flip-Flops : 8183
# Comparators 141
13-bit comparator less 116
14-bit comparator less 116
15-bit comparator less 14
16-bit comparator less 14
17-bit comparator less 01
# Xors 15312
1-bit xor3 : 4800
8-bit xor2 1512
* Low Level Synthesis *

Optimizing unit <CU_2> ...
Optimizing unit <four_stage_delay _line> ...
Optimizing unit <eight_stage_delay_line> ...
Optimizing unit <PE_AD_CSA> ...
Optimizing unit <Row_Adder_0> ...
Optimizing unit <Row_Adder_1_ CSA> ...

Optimizing unit <Row_Adder_2 CSA> ...
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Optimizing unit <Row_Adder_3_CSA> ...

Optimizing unit <four_by four_block> ...

Optimizing unit <main_data_path> ...

Mapping all equations...

Building and optimizing final netlist ...

Found area constraint ratio of 100 (+ 5) on blotk €, actual ratio is 13.

Final Macro Processing ...

Processing Unit <CU_2>:
Unit <CU_2> processed.

Final Register Report

Macro Statistics

# Registers : 5219
Flip-Flops 15219

# Shift Registers 1 268

3-bit shift register 1208

7-bit shift register 160

* Partition Report *

Partition Implementation Status

No Partitions were found in this design.

* Final Report *
Final Results

RTL Top Level Output File Name : CU_2.ngr
Top Level Output File Name :CU_2
Output Format :NGC
Optimization Goal : Speed

Keep Hierarchy :NO

Design Statistics

#10s : 857

Cell Usage :

# BELS : 30644

# GND 1
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# LUT1 196

# LUT2 4043
# LUT3 11373
# LUT4 4169
# LUTS : 832

# LUT6 1 7674
#  MUXCY 16673
# VCC 01

# XORCY 15782
# FlipFlops/Latches : 5487
# FDE : 268

# FDRE : 5219
# Shift Registers 1268
# SRLC32E : 268
# Clock Buffers 12

# BUFGP 2

# 10 Buffers : 855

# IBUF 1282

# OBUF 573

Device utilization summary:

Selected Device : 5vIx330ff1760-2

Slice Logic Utilization:

Number of Slice Registers: 5487 out2®7360 2%

Number of Slice LUTs: 18455 out2d7360 8%
Number used as Logic: 18187 ouk67360 8%
Number used as Memory: 268 oubdf20 0%

Number used as SRL.: 268

Slice Logic Distribution:

Number of Bit Slices used: 20163
Number with an unused Flip Flop 14676 ou®fl63 72%
Number with an unused LUT: 1708 out2ifl63 8%
Number of fully used Bit Slices: 3779 out20163 18%

IO Utilization:

Number of 10s: 857

Number of bonded 10Bs: 857 out®200 71%

Specific Feature Utilization:
Number of BUFG/BUFGCTRLS: 2 outofd2 6%

Partition Resource Summary:

No Partitions were found in this design.
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TIMING REPORT

NOTE: THESE TIMING NUMBERS ARE ONLY A SYNTHESIS ESMATE.
FOR ACCURATE TIMING INFORMATION PLEASE REFERO THE TRACE REPORT
GENERATED AFTER PLACE-and-ROUTE.

Clock Information:

+ + +

Clock Signal | Clock buffe(Rame) | Load |
+ + +
clk | BUFGP | 5755 |
+ + +

Asynchronous Control Signals Information:

No asynchronous control signals found in this desig

Timing Summary:

Speed Grade: -2

Minimum period: 5.024ns (Maximum Frequency: T29MHz)
Minimum input arrival time before clock: 6.407ns
Maximum output required time after clock: 2.886n
Maximum combinational path delay: No path found

Timing Detail:

Timing constraint: Default period analysis for Gtdclk'
Clock period: 5.024ns (frequency: 199.027MHz)
Total number of paths / destination ports: 234788579

Delay: 5.024ns (Levels of Logic = 16)
Source: PU_2/B4x4_00_B/PSAD_0/AD2/CgRtered_0 (FF)
Destination: PU_1/B4x4_00_B/PSAD_O0/PSAD_(FB)
Source Clock:  clk rising
Destination Clock: clk rising

Data Path: PU_2/B4x4_00_B/PSAD_0/AD2/C_Registedetd PU_1/B4x4_00_B/PSAD_O/PSAD_0_8
Gate Net
Cell:in->out  fanout Delay Delay LogidcName (Net Name)

FDRE:C->Q 18 0.396 0.491 PWB4&¥4_00_B/PSAD_0/AD2/C_Registered_0
(PU_2/B4x4 00 _B/PSAD_0/AD2/C_Registered_0)
LUT2:11->0 3 0.086 0.000 PUB4%4 00_B/PSAD_O0/AD3/Madd_Nine_Bit_Sum_lut<0>

(PU_1/B4x4_00_B/PSAD_0/AD3/Nine_Bit_Sum<0>)

271



7.3 Condensed Synthesis Reports

MUXCY:S->0 1 0.305 0.000 PUB4x4_00_B/PSAD_O/AD3/Madd_Nine_Bit_Sum_cy<0>
(PU_1/B4x4_00_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<0>)

MUXCY:CI->0 1 0.023 0.000 PUB#k4_00_B/PSAD_O0/AD3/Madd_Nine_Bit_Sum_cy<1>
(PU_1/B4x4_00_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<1>)

MUXCY:CI->0 1 0.023 0.000 PUB#k4 00_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<2>
(PU_1/B4x4_00_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<2>)

MUXCY:CI->0 1 0.023 0.000 PUB#k4 00_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<3>
(PU_1/B4x4_00_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<3>)

MUXCY:CI->0 1 0.023 0.000 PUB#k4 00_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<4>
(PU_1/B4x4_00_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<4>)

MUXCY:CI->0 1 0.023 0.000 PUB#k4_00_B/PSAD_O0/AD3/Madd_Nine_Bit_Sum_cy<5>
(PU_1/B4x4_00_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<5>)

MUXCY:CI->0 1 0.023 0.000 PUB#k4_00_B/PSAD_O0/AD3/Madd_Nine_Bit_Sum_cy<6>
(PU_1/B4x4_00_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<6>)

MUXCY:CI->0 9 0.222 0.938 PUB#k4_00_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<7>
(PU_1/B4x4_00_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<7>)

LUT6:10->0 1 0.086 0.487 PUB4x4_00_B/PSAD_O/AD3_Out<5>1
(PU_1/B4x4_00_B/PSAD_0/AD3_Out<5>)

LUT2:10->0 1 0.086 0.000 PUB4x4_00_B/PSAD_0/Madd_Nine_Bit_Sum_2_lut<5>
(PU_1/B4x4_00_B/PSAD_0/N50)

MUXCY:S->0 1 0.305 0.000 PUB4x4_00_B/PSAD_0O/Madd_Nine_Bit_Sum_2_cy<5>
(PU_1/B4x4_00_B/PSAD_0O/Madd_Nine_Bit_Sum_2_cy<5>)

XORCY:CI->0 3 0.300 0.496 PWB4x%4_00_B/PSAD_0O/Madd_Nine_Bit_Sum_2_xor<6>
(PU_1/B4x4_00_B/PSAD_0/Nine_Bit_Sum_2<6>)

LUT6:14->0 1 0.086 0.000 PUB4x4_00_B/PSAD_O/Madd_PSAD_0_add0000_Madd_lut<7>
(PU_1/B4x4_00_B/PSAD_0/N59)

MUXCY:S->0 1 0.305 0.000 PUB4x4_00_B/PSAD_0O/Madd_PSAD_0_add0000_Madd_cy<7>
(PU_1/B4x4_00_B/PSAD_0O/Madd_PSAD_0_add0000_Madd7ey<

XORCY:CI->0 1 0.300 0.000 PUB4x4_00_B/PSAD_0/Madd_PSAD_0_add0000_Madd_xor<8>
(PU_1/B4x4_00_B/PSAD_O/PSAD_0_add0000<8>)

FDRE:D -0.022 PUB4%4 00_B/PSAD_0/PSAD_0_8

Total 5.024ns (2.613nddp@.411ns route)

(52.0% logi8.0% route)

Timing constraint: Default OFFSET IN BEFORE for Ckoclk'
Total number of paths / destination ports: 24%5P9914622

Offset: 6.407ns (Levels of Logic = 18)
Source: bus_Select<2> (PAD)
Destination: PU_2/B4x4_10_B/PSAD_O0/PSAD_(FB)
Destination Clock: clk rising

Data Path: bus_Select<2>to PU_2/B4x4 10 B/PSABSAD 0 8
Gate Net
Cell:in->out  fanout Delay Delay LogidcName (Net Name)

IBUF:1->0 4071 0.694 0.844 buslest_2 IBUF (bus_Select_2_IBUF)

LUT4:10->0 353 0.086 0.645 PUMEAM bus_Select rom0000121
(PU_1/Mrom_bus_Select_rom000011)

LUT4:12->0 8 0.086 0.000 PUB4%x4 10 B/PSAD_O0/AD4/Madd_Nine_Bit_Sum_lut<0>
(PU_1/B4x4_10_B/PSAD_0/AD4/Nine_Bit_Sum<0>)
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MUXCY:S->0 1 0.305 0.000 PUB2x4_10_B/PSAD_O/AD3/Madd_Nine_Bit_Sum_cy<0>
(PU_2/B4x4_10_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<0>)

MUXCY:CI->0 1 0.023 0.000 PUB2k4_10_B/PSAD_O0/AD3/Madd_Nine_Bit_Sum_cy<1>
(PU_2/B4x4_10_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<1>)

MUXCY:CI->0 1 0.023 0.000 PUB2k4 10_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<2>
(PU_2/B4x4_10_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<2>)

MUXCY:CI->0 1 0.023 0.000 PUB2k4 10_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<3>
(PU_2/B4x4_10_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<3>)

MUXCY:CI->0 1 0.023 0.000 PUB2k4 10_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<4>
(PU_2/B4x4_10_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<4>)

MUXCY:CI->0 1 0.023 0.000 PUB2k4_10_B/PSAD_O0/AD3/Madd_Nine_Bit_Sum_cy<5>
(PU_2/B4x4_10_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<5>)

MUXCY:CI->0 1 0.023 0.000 PUB2k4_10_B/PSAD_O0/AD3/Madd_Nine_Bit_Sum_cy<6>
(PU_2/B4x4_10_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<6>)

MUXCY:CI->0 9 0.222 0.938 PUB2k4_10_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<7>
(PU_2/B4x4_10_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<7>)

LUT6:10->0 1 0.086 0.487 PUB2x4_10_B/PSAD_O/AD3_Out<5>1
(PU_2/B4x4_10_B/PSAD_0/AD3_Out<5>)

LUT2:10->0 1 0.086 0.000 PUB2x4_10_B/PSAD_0O/Madd_Nine_Bit_Sum_2_lut<5>
(PU_2/B4x4_10_B/PSAD_0/N50)

MUXCY:S->0 1 0.305 0.000 PUB2x4_10_B/PSAD_O/Madd_Nine_Bit_Sum_2_cy<5>
(PU_2/B4x4_10_B/PSAD_0O/Madd_Nine_Bit_Sum_2_cy<5>)

XORCY:CI->0 3 0.300 0.496 PWB2%4_10_B/PSAD_O/Madd_Nine_Bit_Sum_2_xor<6>
(PU_2/B4x4_10_B/PSAD_O0/Nine_Bit_Sum_2<6>)

LUT6:14->0 1 0.086 0.000 PUB2x4_10_B/PSAD_O/Madd_PSAD_0_add0000_Madd_lut<7>
(PU_2/B4x4_10_B/PSAD_0/N59)

MUXCY:S->0 1 0.305 0.000 PUB2x4_10_B/PSAD_0O/Madd_PSAD_0_add0000_Madd_cy<7>
(PU_2/B4x4_10_B/PSAD_0O/Madd_PSAD_0_add0000_Madd7ey<

XORCY:CI->0 1 0.300 0.000 PUB2%x4_10_B/PSAD_0/Madd_PSAD_0_add0000_Madd_xor<8>
(PU_2/B4x4_10_B/PSAD_O/PSAD_0_add0000<8>)

FDRE:D -0.022 PUB2%4 10_B/PSAD_0/PSAD_0_8

Total 6.407ns (2.997n4dp§.409ns route)

(46.8% logh3.2% route)

Timing constraint: Default OFFSET OUT AFTER for Clo'clk’
Total number of paths / destination ports: 58333

Offset: 2.826ns (Levels of Logic = 1)
Source: B4x8 00 out 13 (FF)
Destination: B4x8 00 out<13> (PAD)
Source Clock:  clk rising

Data Path: B4x8 00 out 13 to B4x8 00 out<13>
Gate Net
Cell:in->out  fanout Delay Delay LogidcName (Net Name)

FDRE:C->Q 1 0.396 0.286 B4@8 out 13 (B4x8_00_out 13)
OBUF:1->0 2.144 B4x®) out_13_OBUF (B4x8_00_out<13>)
Total 2.826ns (2.540n9dp@.286ns route)

(89.9% logi®.1% route)
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CPU : 502.05/502.28 s | Elapsed : 502.00 / 502.00
>

Total memory usage is 662572 kilobytes

Number of errors : 0 ( O filtered)

Number of warnings : 0 (O filtered)
Number of infos : 1920 ( O filtered)
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Third design results with 4 PPUs utilized:

Release 9.2i - xst J.36

Copyright (c) 1995-2007 Xilinx, Inc. All rights served.
--> Parameter TMPDIR set to ./xst/projnav.tmp
CPU:0.00/0.89 s | Elapsed : 0.00/1.00 s

--> Parameter xsthdpdir set to ./xst
CPU:0.00/0.91 s | Elapsed : 0.00/1.00 s

--> Reading design: CU_4.prj

---- Source Parameters

Input File Name :"CU_4.prj"
Input Format : mixed
Ignore Synthesis Constraint File : NO

---- Target Parameters

Output File Name :"CU_4"
Output Format :NGC
Target Device : Xc5vIx330-2-160
---- Source Options

Top Module Name :CU_4
Automatic FSM Extraction " YES
FSM Encoding Algorithm : Auto
Safe Implementation : No
FSM Style s lut

RAM Extraction :Yes
RAM Style : Auto

ROM Extraction :Yes
Mux Style : Auto
Decoder Extraction : YES
Priority Encoder Extraction - YES
Shift Register Extraction " YES
Logical Shifter Extraction " YES
XOR Collapsing " YES
ROM Style : Auto

Mux Extraction " YES
Resource Sharing :YES
Asynchronous To Synchronous :NO
Use DSP Block :auto
Automatic Register Balancing : No

---- Target Options

Add IO Buffers - YES

Global Maximum Fanout : 100000
Add Generic Clock Buffer(BUFG) : 32
Register Duplication " YES

Slice Packing " YES
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Optimize Instantiated Primitives : NO

Use Clock Enable : Auto

Use Synchronous Set : Auto

Use Synchronous Reset - Auto
Pack IO Registers into IOBs : auto
Equivalent register Removal - YES

---- General Options

Optimization Goal : Speed
Optimization Effort o

Power Reduction :NO

Library Search Order : CU_4.Iso
Keep Hierarchy :NO

RTL Output :Yes

Global Optimization . AliClockNets
Read Cores :YES

Write Timing Constraints :NO

Cross Clock Analysis :NO
Hierarchy Separator !

Bus Delimiter P>

Case Specifier : maintain

Slice Utilization Ratio 1100

BRAM Utilization Ratio 1100
DSPA48 Utilization Ratio 1100
Verilog 2001 " YES

Auto BRAM Packing :NO

Slice Utilization Ratio Delta  : 5

* HDL Compilation *
* Design Hierarchy Analysis *

Analyzing hierarchy for module <CU_4> in library evik>.

Analyzing hierarchy for module <main_data_pathiibrary <work>.
Analyzing hierarchy for module <four_by four_blockelibrary <work>.
Analyzing hierarchy for module <four_stage_delaye} in library <work>.
Analyzing hierarchy for module <eight_stage_delae3* in library <work>.
Analyzing hierarchy for module <Row_Adder_0> inraby <work>.
Analyzing hierarchy for module <Row_Adder_1_ CSASibrary <work>.

Analyzing hierarchy for module <Row_Adder_2_ CSASibrary <work>.
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Analyzing hierarchy for module <Row_Adder_3_ CSASibrary <work>.
Analyzing hierarchy for module <PE_AD> in libraryverk>.

Analyzing hierarchy for module <PE_AD_CSA> in libyacwork>.
Analyzing hierarchy for module <CSA 8> in libraryerk>.

Analyzing hierarchy for module <CSA 9> in libraryerk>.

Analyzing hierarchy for module <CSA_Full_Adder>limrary <work>.

Unit <CU_4> synthesized.

Advanced HDL Synthesis Report

Macro Statistics

# ROMs 14
16x15-bit ROM 4
# Adders/Subtractors 11764
10-bit adder 164
11-bit adder carry in 164
12-bit adder carry in 164
13-bit adder carry in 164
14-bit adder 164
15-bit adder 116
16-bit adder 116
17-bit adder 14
8-bit adder : 256
9-bit adder 1152
# Registers 116939
Flip-Flops : 16939
# Comparators 1123
13-bit comparator less .48
14-bit comparator less .48
15-bit comparator less 112
16-bit comparator less 112
17-bit comparator less 13
# Xors 110624
1-bit xor3 : 9600
8-bit xor2 : 1024

* Low Level Synthesis *
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Optimizing unit <CU_4> ...

Optimizing unit <four_stage_delay _line> ...
Optimizing unit <eight_stage_delay_line> ...
Optimizing unit <PE_AD_CSA> ...
Optimizing unit <Row_Adder_0> ...
Optimizing unit <Row_Adder_1_CSA> ...
Optimizing unit <Row_Adder_2_CSA> ...
Optimizing unit <Row_Adder_3 CSA> ...
Optimizing unit <four_by four_block> ...
Optimizing unit <main_data_path> ...

Mapping all equations...
Building and optimizing final netlist ...

Final Macro Processing ...

Processing Unit <CU_4> :
Unit <CU_4> processed.

Final Register Report

Macro Statistics

# Registers : 9105

Flip-Flops 19105
# Shift Registers 1536
3-bit shift register 1416
7-bit shift register 1120
* Partition Report

Partition Implementation Status

No Partitions were found in this design.

* Final Report
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Final Results

RTL Top Level Output File Name : CU_4.ngr
Top Level Output File Name :CU_4
Output Format :NGC
Optimization Goal : Speed
Keep Hierarchy :NO
Design Statistics

#10s : 889

Cell Usage :

# BELS : 62448

# GND 01

# LUTL 1192

# LUT2 : 8113

# LUT3 : 3319

# LUT4 : 8691

# LUTS : 1648

# LUT6 : 15276

#  MUXCY 113643
# VCC i

#  XORCY 111564
# FlipFlops/Latches 19641
# FDE : 536

# FDRE : 9105

# Shift Registers : 536

#  SRLC32E : 536

# Clock Buffers 12

# BUFGP 12

# 10 Buffers : 887

# IBUF :314

# OBUF : 573

Device utilization summary:

Selected Device : 5vIx330ff1760-2

Slice Logic Utilization:
Number of Slice Registers:
Number of Slice LUTs:

9641 ouk0f7360 4%
37775 out207360 18%
Number used as Logic: 37239 ouR6¥360 17%
Number used as Memory: 536 oubd?20 0%

Number used as SRL: 536

Slice Logic Distribution:

Number of Bit Slices used: 39997
Number with an unused Flip Flop 30356 out3®@97 75%
Number with an unused LUT: 2222 out3®997 5%
Number of fully used Bit Slices: 7419 out839997 18%

IO Utilization:
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Number of 10s: 889
Number of bonded 10Bs: 889 out b200 74%

Specific Feature Utilization:
Number of BUFG/BUFGCTRLS: 2 outof32 6%

Partition Resource Summary:

No Partitions were found in this design.

TIMING REPORT

NOTE: THESE TIMING NUMBERS ARE ONLY A SYNTHESIS ESMATE.
FOR ACCURATE TIMING INFORMATION PLEASE REFERO THE TRACE REPORT
GENERATED AFTER PLACE-and-ROUTE.

Clock Information:

+ + +

Clock Signal | Clock buffe(Rame) | Load |

+ + +
clk | BUFGP | 10177 |
+ + +

Asynchronous Control Signals Information:

No asynchronous control signals found in this desig

Timing Summary:

Speed Grade: -2

Minimum period: 5.041ns (Maximum Frequency: BB&MHz)
Minimum input arrival time before clock: 6.430ns
Maximum output required time after clock: 2.826n
Maximum combinational path delay: No path found

Timing Detail:

Timing constraint: Default period analysis for Gtdclk’
Clock period: 5.041ns (frequency: 198.356MHz)
Total number of paths / destination ports: 472912731

Delay: 5.041ns (Levels of Logic = 16)
Source: PU_4/B4x4_03 B/PSAD_0/AD2/CgRtered_0 (FF)
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Destination: PU_3/B4x4_03_B/PSAD_0/PSAD_(QEB)
Source Clock:  clk rising
Destination Clock: clk rising

Data Path: PU_4/B4x4_03_B/PSAD_0/AD2/C_Registebetd PU_3/B4x4_03_B/PSAD_O/PSAD_0_8
Gate Net
Cell:in->out  fanout Delay Delay LogidcName (Net Name)

FDRE:C->Q 22 0.396 0.508 PB4 03 B/PSAD_O0/AD2/C_Registered 0
(PU_4/B4x4_03_B/PSAD_0/AD2/C_Registered_0)

LUT2:11->0 5 0.086 0.000 PUB3%4 03 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_lut<0>
(PU_2/B4x4_03_B/PSAD_0/AD4/Nine_Bit_Sum<0>)

MUXCY:S->0 1 0.305 0.000 PUB3x4 03 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<0>
(PU_3/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<0>)

MUXCY:CI->0 1 0.023 0.000 PUB2k4_03 B/PSAD_0/AD3/Madd_Nine_Bit Sum_cy<1>
(PU_3/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<1>)

MUXCY:CI->O 1 0.023 0.000 PUB3k4 03 _B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<2>
(PU_3/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<2>)

MUXCY:CI->O 1 0.023 0.000 PUB3k4 03 _B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<3>
(PU_3/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<3>)

MUXCY:CI->0 1 0.023 0.000 PUB2k4_03 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<4>
(PU_3/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<4>)

MUXCY:CI->0 1 0.023 0.000 PUB2k4_03 B/PSAD_0/AD3/Madd_Nine_Bit Sum_cy<5>
(PU_3/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<5>)

MUXCY:CI->0 1 0.023 0.000 PUB2k4_03 B/PSAD_0/AD3/Madd_Nine_Bit Sum_cy<6>
(PU_3/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<6>)

MUXCY:CI->O 9 0.222 0.938 PUB2k4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<7>
(PU_3/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<7>)

LUT6:10->0 1 0.086 0.487 PUB8%4_03 B/PSAD_O0/AD3_Out<5>1
(PU_3/B4x4_03_B/PSAD_0/AD3_Out<5>)

LUT2:10->0 1 0.086 0.000 PUB8%4_ 03 B/PSAD_0O/Madd_Nine_Bit_Sum_2_lut<5>
(PU_3/B4x4_03_B/PSAD_0/N50)

MUXCY:S->0 1 0.305 0.000 PUB3x4 03_B/PSAD_0O/Madd_Nine_Bit_Sum_2_cy<5>
(PU_3/B4x4_03_B/PSAD_0/Madd_Nine_Bit_Sum_2_cy<5>)

XORCY:CI->0 3 0.300 0.496 PUWB&%4_03_B/PSAD_0O/Madd_Nine_Bit_Sum_2 xor<6>
(PU_3/B4x4_03_B/PSAD_0/Nine_Bit_Sum_2<6>)

LUT6:14->0 1 0.086 0.000 PUB3%4 03 B/PSAD_0/Madd_PSAD_0_add0000_Madd_lut<7>
(PU_3/B4x4_03_B/PSAD_0/N59)

MUXCY:S->0 1 0.305 0.000 PUB3x4_03_B/PSAD_0/Madd_PSAD_0_add0000_Madd_cy<7>
(PU_3/B4x4_03_B/PSAD_0/Madd_PSAD_0_add0000_Madd7zy<

XORCY:CI->0 1 0.300 0.000 PUB&%4_03_B/PSAD_0/Madd_PSAD_0_add0000_Madd_xor<8>
(PU_3/B4x4_03_B/PSAD_0/PSAD_0_add0000<8>)

FDRE:D -0.022 PUB&%4 03 _B/PSAD_0/PSAD_0_8

Total 5.041ns (2.613nddp@.428ns route)
(51.8% logi8.2% route)

Timing constraint: Default OFFSET IN BEFORE for Ckoclk'
Total number of paths / destination ports: 49W4/724672

Offset: 6.430ns (Levels of Logic = 18)
Source: bus_Select<2> (PAD)
Destination: PU_4/B4x4_10_B/PSAD_O0/PSAD_(FB)
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Destination Clock: clk rising

Data Path: bus_Select<2>to PU_4/B4x4 10 B/PSABSAD 0 8
Gate Net
Cell:in->out  fanout Delay Delay LogidcName (Net Name)

IBUF:1->0 8071 0.694 0.844 buslest 2 IBUF (bus_Select_2_IBUF)

LUT4:10->0 691 0.086 0.668 PUM#dmM_bus_Select rom0000121
(PU_1/Mrom_bus_Select_rom000011)

LUT4:12->0 19 0.086 0.000 PUB4x4 10 B/PSAD_0/AD4/Madd_Nine_Bit_Sum_lut<0>
(PU_1/B4x4_11_ B/PSAD_0/AD3/Nine_Bit_Sum<0>)

MUXCY:S->0 1 0.305 0.000 PUB4x4 11 B/PSAD_O/AD3/Madd_Nine_Bit_Sum_cy<0>
(PU_1/B4x4_11 B/PSAD_O0/AD3/Madd_Nine_Bit_Sum_cy<0>)

MUXCY:CI->0 1 0.023 0.000 PUB#k4 11 B/PSAD_0/AD3/Madd_Nine_Bit Sum_cy<1>
(PU_1/B4x4_11 B/PSAD_O0/AD3/Madd_Nine_Bit_Sum_cy<1>)

MUXCY:CI->O 1 0.023 0.000 PUB#k4 11 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<2>
(PU_1/B4x4_11_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<2>)

MUXCY:CI->O 1 0.023 0.000 PUB#k4 11 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<3>
(PU_1/B4x4_11_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<3>)

MUXCY:CI->O 1 0.023 0.000 PUB#k4 11 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<4>
(PU_1/B4x4_11 B/PSAD_O0/AD3/Madd_Nine_Bit_Sum_cy<4>)

MUXCY:CI->0 1 0.023 0.000 PUB#k4 11 B/PSAD_O0/AD3/Madd_Nine_Bit Sum_cy<5>
(PU_1/B4x4_11 B/PSAD_O0/AD3/Madd_Nine_Bit_Sum_cy<5>)

MUXCY:CI->0 1 0.023 0.000 PUB#k4 11 B/PSAD_0/AD3/Madd_Nine_Bit Sum_cy<6>
(PU_1/B4x4_11 B/PSAD_O0/AD3/Madd_Nine_Bit_Sum_cy<6>)

MUXCY:CI->0 9 0.222 0.938 PUB#k4_ 11 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<7>
(PU_1/B4x4_11_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<7>)

LUT6:10->0 1 0.086 0.487 PUB4x4_11 B/PSAD_O0/AD3_Out<5>1
(PU_1/B4x4_11_B/PSAD_0/AD3_Out<5>)

LUT2:10->0 1 0.086 0.000 PUB4%4_ 11 B/PSAD_O/Madd_Nine_Bit_Sum_2_lut<5>
(PU_1/B4x4_11_B/PSAD_0/N50)

MUXCY:S->0 1 0.305 0.000 PUB4x4_11_B/PSAD_O/Madd_Nine_Bit_Sum_2_cy<5>
(PU_1/B4x4_11 B/PSAD_0O/Madd_Nine_Bit_Sum_2_cy<5>)

XORCY:CI->0 3 0.300 0.496 PWB4x4 11 B/PSAD_O/Madd_Nine_Bit_Sum_2 xor<6>
(PU_1/B4x4_11 B/PSAD_O/Nine_Bit_Sum_2<6>)

LUT6:14->0 1 0.086 0.000 PUB4%4 11 B/PSAD_O/Madd_PSAD_0_add0000_Madd_lut<7>
(PU_1/B4x4_11 B/PSAD_0/N59)

MUXCY:S->0 1 0.305 0.000 PUB4x4 11 B/PSAD_O/Madd_PSAD_0_add0000_ Madd_cy<7>
(PU_1/B4x4_11_B/PSAD_0/Madd_PSAD_0_add0000_Madd7zy<

XORCY:CI->0 1 0.300 0.000 PUB4x4_11 B/PSAD_0/Madd_PSAD_0_add0000_Madd_xor<8>
(PU_1/B4x4_11_B/PSAD_0O/PSAD_0_add0000<8>)

FDRE:D -0.022 PUB4%4 11 B/PSAD_0/PSAD_0_8

Total 6.430ns (2.997n9dp§.433ns route)
(46.6% logh3.4% route)

Timing constraint: Default OFFSET OUT AFTER for Clo'clk’
Total number of paths / destination ports: 5333

Offset: 2.826ns (Levels of Logic = 1)
Source: B4x8 00 out 13 (FF)
Destination: B4x8 00 out<13> (PAD)
Source Clock:  clk rising
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Data Path: B4x8 00 out 13 to B4x8 00 out<13>
Gate Net
Cell:in->out  fanout Delay Delay LogidcName (Net Name)

FDRE:C->Q 1 0.396 0.286 B4@8_out_13 (B4x8_00_out_13)
OBUF:1->0 2.144 B4x®) out_13_OBUF (B4x8_00_out<13>)
Total 2.826ns (2.540nd9dp@.286ns route)

(89.9% logi®.1% route)

CPU:1113.08/1114.03 s | Elapsed : 1113.00 4.001s
->

Total memory usage is 820524 kilobytes

Number of errors : 0 ( O filtered)

Number of warnings : 0 (O filtered)
Number of infos : 2176 ( O filtered)
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Fourth design results with 8 PPUs utilized:

Release 9.2i - xst J.36

Copyright (c) 1995-2007 Xilinx, Inc. All rights served.
--> Parameter TMPDIR set to ./xst/projnav.tmp
CPU:0.00/1.44 s | Elapsed : 0.00/2.00 s

--> Parameter xsthdpdir set to ./xst
CPU:0.00/1.44 s | Elapsed : 0.00/2.00 s

--> Reading design: CU_8.prj

---- Source Parameters

Input File Name :"CU_8.prj"
Input Format : mixed
Ignore Synthesis Constraint File : NO

---- Target Parameters

Output File Name :"Cu_8"
Output Format :NGC
Target Device : Xc5vIx330-2-160
---- Source Options

Top Module Name :CU_8
Automatic FSM Extraction " YES
FSM Encoding Algorithm : Auto
Safe Implementation : No
FSM Style s lut

RAM Extraction :Yes
RAM Style : Auto

ROM Extraction :Yes
Mux Style : Auto
Decoder Extraction : YES
Priority Encoder Extraction - YES
Shift Register Extraction : YES
Logical Shifter Extraction " YES
XOR Collapsing " YES
ROM Style : Auto

Mux Extraction " YES
Resource Sharing " YES
Asynchronous To Synchronous :NO
Use DSP Block :auto
Automatic Register Balancing : No

---- Target Options

Add IO Buffers - YES

Global Maximum Fanout : 100000
Add Generic Clock Buffer(BUFG) : 32
Register Duplication " YES

Slice Packing " YES

Optimize Instantiated Primitives : NO
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Use Clock Enable : Auto

Use Synchronous Set : Auto

Use Synchronous Reset : Auto
Pack IO Registers into IOBs : auto
Equivalent register Removal - YES

---- General Options

Optimization Goal : Speed
Optimization Effort 01

Power Reduction :NO

Library Search Order : CU_8.Iso
Keep Hierarchy :NO

RTL Output :Yes

Global Optimization . AliClockNets
Read Cores - YES

Write Timing Constraints :NO

Cross Clock Analysis :NO
Hierarchy Separator !

Bus Delimiter P>

Case Specifier : maintain

Slice Utilization Ratio 1100

BRAM Utilization Ratio 1100
DSP48 Utilization Ratio 1100
Verilog 2001 " YES

Auto BRAM Packing :NO

Slice Utilization Ratio Delta  : 5

* HDL Compilation *
* Design Hierarchy Analysis *

Analyzing hierarchy for module <CU_8> in library evk>.

Analyzing hierarchy for module <main_data_pathiibnary <work>.
Analyzing hierarchy for module <four_by four_blockelibrary <work>.
Analyzing hierarchy for module <four_stage_delaye} in library <work>.
Analyzing hierarchy for module <eight_stage_delae3* in library <work>.
Analyzing hierarchy for module <Row_Adder_0> inraby <work>.
Analyzing hierarchy for module <Row_Adder_1_ CSASibrary <work>.
Analyzing hierarchy for module <Row_Adder_2_ CSASibrary <work>.

Analyzing hierarchy for module <Row_Adder_3_ CSASibrary <work>.
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Analyzing hierarchy for module <PE_AD> in libraryverk>.
Analyzing hierarchy for module <PE_AD_CSA> in libyacwork>.
Analyzing hierarchy for module <CSA 8> in libraryerk>.
Analyzing hierarchy for module <CSA 9> in libraryerk>.
Analyzing hierarchy for module <CSA_Full_Adder>limrary <work>.

Unit <CU_8> synthesized.

Advanced HDL Synthesis Report

Macro Statistics

# ROMs 8
16x15-bit ROM : 8

# Adders/Subtractors : 3528
10-bit adder 1128
11-bit adder carry in . 128
12-bit adder carry in . 128
13-bit adder carry in 128
14-bit adder 1128
15-bit adder 132
16-bit adder 132
17-bit adder 18

8-bit adder 1512
9-bit adder 12304

# Registers : 34451
Flip-Flops : 34451
# Comparators . 287
13-bit comparator less 1112
14-bit comparator less 1112
15-bit comparator less 128
16-bit comparator less 128
17-bit comparator less 17

# Xors 121248
1-bit xor3 119200
8-bit xor2 12048

* Low Level Synthesis *
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Optimizing unit <CU_8> ...

Optimizing unit <four_stage_delay _line> ...
Optimizing unit <eight_stage_delay_line> ...
Optimizing unit <PE_AD_CSA> ...
Optimizing unit <Row_Adder_0> ...
Optimizing unit <Row_Adder_1_CSA> ...
Optimizing unit <Row_Adder_2_CSA> ...
Optimizing unit <Row_Adder_3 CSA> ...
Optimizing unit <four_by four_block> ...
Optimizing unit <main_data_path> ...

Mapping all equations...
Building and optimizing final netlist ...

Final Macro Processing ...

Processing Unit <CU_8> :
Unit <CU_8> processed.

Final Register Report

Macro Statistics

# Registers : 16895
Flip-Flops 116895
# Shift Registers 11072
3-bit shift register 1832
7-bit shift register : 240

* Partition Report

Partition Implementation Status

No Partitions were found in this design.
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* Final Report *

Final Results

RTL Top Level Output File Name : CU_8.ngr
Top Level Output File Name :CU_8
Output Format :NGC
Optimization Goal : Speed
Keep Hierarchy :NO
Design Statistics

#10s : 953

Cell Usage :

# BELS : 126069

# GND 01

# LUT1 : 384

# LUT2 116254

# LUT3 17211

# LUT4 217771

# LUTS : 3280

# LUT6 : 30456

#  MUXCY : 27583
# VCC i

#  XORCY 23128
# FlipFlops/Latches 117967
# FDE 1089

# FDRE : 16878

# Shift Registers 1072

#  SRLC32E 11072

# Clock Buffers 12

# BUFG 01

# BUFGP 01

# 10 Buffers 1 952

# IBUF : 379

# OBUF : 573

Device utilization summary:

Selected Device : 5vIx330ff1760-2

Slice Logic Utilization:
Number of Slice Registers:
Number of Slice LUTs:

Number used as Logic:
Number used as Memory:
Number used as SRL:

Slice Logic Distribution:
Number of Bit Slices used:

17967 out26f7360
76428 out27360 36%
75356 ouR6¥7360 36%

1072 oub4720
1072

79690

8%

1%

Number with an unused Flip Flop 61723 ouf/®690 77%

Number with an unused LUT:

3262 out®690
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Number of fully used Bit Slices: 14705 out 89690 18%

IO Utilization:
Number of |0s: 953
Number of bonded 10Bs: 953 out ®200 79%

Specific Feature Utilization:
Number of BUFG/BUFGCTRLS: 2 outof32 6%

Partition Resource Summary:

No Partitions were found in this design.

TIMING REPORT

NOTE: THESE TIMING NUMBERS ARE ONLY A SYNTHESIS ESWIATE.
FOR ACCURATE TIMING INFORMATION PLEASE REFERO THE TRACE REPORT
GENERATED AFTER PLACE-and-ROUTE.

Clock Information:

+ + +
Clock Signal | Clock buffeF(Rame) | Load |

+ + +
clk | BUFGP | 19039 |

+ + +

Asynchronous Control Signals Information:

No asynchronous control signals found in this desig

Timing Summary:

Speed Grade: -2

Minimum period: 5.041ns (Maximum Frequency: BB&MHz)
Minimum input arrival time before clock: 6.430ns
Maximum output required time after clock: 2.886n
Maximum combinational path delay: No path found

Timing Detail:

Timing constraint: Default period analysis for Gtdclk’
Clock period: 5.041ns (frequency: 198.356MHz)
Total number of paths / destination ports: 9421606035
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Delay: 5.041ns (Levels of Logic = 16)
Source: PU_8/B4x4_03 B/PSAD_0/AD2/CgRtered_0 (FF)
Destination: PU_7/B4x4_03_B/PSAD_O0/PSAD_(FB)
Source Clock:  clk rising
Destination Clock: clk rising

Data Path: PU_8/B4x4_03_B/PSAD_O0/AD2/C_Registe®ed PU_7/B4x4_03_B/PSAD_O/PSAD_0_8
Gate Net
Cell:in->out  fanout Delay Delay LogidcName (Net Name)

FDRE:C->Q 22 0.396 0.508 PB4 03 B/PSAD_0/AD2/C_Registered 0
(PU_8/B4x4_03_B/PSAD_0/AD2/C_Registered_0)

LUT2:11->0 5 0.086 0.000 PUBZx4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_lut<0>
(PU_6/B4x4_03_B/PSAD_0/AD4/Nine_Bit_Sum<0>)

MUXCY:S->0 1 0.305 0.000 PUBAx4_03_B/PSAD_O/AD3/Madd_Nine_Bit_Sum_cy<0>
(PU_7/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<0>)

MUXCY:CI->O 1 0.023 0.000 PUB#k4 03 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<1>
(PU_7/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<1>)

MUXCY:CI->O 1 0.023 0.000 PUB#k4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<2>
(PU_7/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<2>)

MUXCY:CI->O 1 0.023 0.000 PUB#k4 03 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<3>
(PU_7/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<3>)

MUXCY:CI->O 1 0.023 0.000 PUB#k4 03 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<4>
(PU_7/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<4>)

MUXCY:CI->O 1 0.023 0.000 PUB#k4 03 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<5>
(PU_7/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<5>)

MUXCY:CI->O 1 0.023 0.000 PUB#k4 03 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<6>
(PU_7/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<6>)

MUXCY:CI->O 9 0.222 0.938 PUB®4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<7>
(PU_7/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<7>)

LUT6:10->0 1 0.086 0.487 PUBZ%4_03_B/PSAD_0/AD3_Out<5>1
(PU_7/B4x4_03_B/PSAD_0/AD3_Out<5>)

LUT2:10->0 1 0.086 0.000 PUBZx4 03 _B/PSAD_0/Madd_Nine_Bit_Sum_2_lut<5>
(PU_7/B4x4_03_B/PSAD_0/N50)

MUXCY:S->0 1 0.305 0.000 PUBZk4_03_B/PSAD_0/Madd_Nine_Bit_Sum_2_cy<5>
(PU_7/B4x4_03_B/PSAD_0/Madd_Nine_Bit_Sum_2_cy<5>)

XORCY:CI->0 3 0.300 0.496 PUBZx4_03_B/PSAD_0/Madd_Nine_Bit_Sum_2_xor<6>
(PU_7/B4x4_03_B/PSAD_O/Nine_Bit_Sum_2<6>)

LUT6:14->0 1 0.086 0.000 PUBZx4_03_B/PSAD_0/Madd_PSAD_0_add0000_Madd_lut<7>
(PU_7/B4x4_03_B/PSAD_0/N59)

MUXCY:S->0 1 0.305 0.000 PUBZ%4_03_B/PSAD_0/Madd_PSAD_0_add0000_Madd_cy<7>
(PU_7/B4x4_03_B/PSAD_0/Madd_PSAD_0_add0000_Madd7ey<

XORCY:CI->0 1 0.300 0.000 PUBZ%4_03_B/PSAD_0/Madd_PSAD_0_add0000_Madd_xor<8>
(PU_7/B4x4_03_B/PSAD_0/PSAD_0_add0000<8>)

FDRE:D -0.022 PUBZ%4_03_B/PSAD_O/PSAD _0_8

Total 5.041ns (2.613nddp@.428ns route)
(51.8% logi8.2% route)

Timing constraint: Default OFFSET IN BEFORE for €koclk'
Total number of paths / destination ports: 98@&6427931
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Offset: 6.430ns (Levels of Logic = 18)
Source: bus_Select<2> (PAD)
Destination: PU_8/B4x4_10_B/PSAD_0/PSAD_(QEB)
Destination Clock: clk rising

Data Path: bus_Select<2>to PU_8/B4x4 10 B/PSAPSAD 0 8
Gate Net
Cell:in->out  fanout Delay Delay LogidcName (Net Name)

IBUF:1->0 16047 0.694 0.844 b8slect 2 IBUF (bus_Select 2 IBUF)
LUT4:10->0 1379 0.086 0.668 PUvViedm_bus_Select rom0000121
(PU_1/Mrom_bus_Select_rom000011)

LUT4:12->0 23 0.086 0.000 PUB&%4_12_B/PSAD_0/AD4/Madd_Nine_Bit_Sum_lut<0>
(PU_4/B4x4_13_B/PSAD_0/AD4/Nine_Bit_Sum<0>)

MUXCY:S->0 1 0.305 0.000 PUBSB%x4_ 13 B/PSAD_O0/AD3/Madd_Nine_Bit_Sum_cy<0>
(PU_5/B4x4_13_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<0>)

MUXCY:CI->0 1 0.023 0.000 PUBBk4 13 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<1>
(PU_5/B4x4_13_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<1>)

MUXCY:CI->0 1 0.023 0.000 PUBBk4 13 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<2>
(PU_5/B4x4_13_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<2>)

MUXCY:CI->O 1 0.023 0.000 PUBBk4_13 B/PSAD_O0/AD3/Madd_Nine_Bit_Sum_cy<3>
(PU_5/B4x4_13_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<3>)

MUXCY:CI->0 1 0.023 0.000 PUBBk4_13 B/PSAD_O0/AD3/Madd_Nine_Bit_Sum_cy<4>
(PU_5/B4x4_13_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<4>)

MUXCY:CI->O 1 0.023 0.000 PUBBk4_13 B/PSAD_O0/AD3/Madd_Nine_Bit_Sum_cy<5>
(PU_5/B4x4_13_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<5>)

MUXCY:CI->0 1 0.023 0.000 PUBBk4 13 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<6>
(PU_5/B4x4_13_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<6>)

MUXCY:CI->0 9 0.222 0.938 PUBBkK4_13_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<7>
(PU_5/B4x4_13_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<7>)

LUT6:10->0 1 0.086 0.487 PUBSX4_13_ B/PSAD_O/AD3_Out<5>1
(PU_5/B4x4_13_B/PSAD_0/AD3_Out<5>)

LUT2:10->0 1 0.086 0.000 PUBS%4_ 13 B/PSAD_O/Madd_Nine_Bit_Sum_2_lut<5>
(PU_5/B4x4_13_B/PSAD_0/N50)

MUXCY:S->0 1 0.305 0.000 PUBB%4_13_B/PSAD_O0/Madd_Nine_Bit_Sum_2_cy<5>
(PU_5/B4x4_13_B/PSAD_0/Madd_Nine_Bit_Sum_2_cy<5>)

XORCY:CI->0 3 0.300 0.496 PWB&%4_13_B/PSAD_0O/Madd_Nine_Bit_Sum_2_xor<6>
(PU_5/B4x4_13_B/PSAD_0/Nine_Bit_Sum_2<6>)

LUT6:14->0 1 0.086 0.000 PUBSXx4_13_B/PSAD_O0/Madd_PSAD_0_add0000_Madd_lut<7>
(PU_5/B4x4_13_B/PSAD_0/N59)

MUXCY:S->0 1 0.305 0.000 PUBBk4_13_B/PSAD_0/Madd_PSAD_0_add0000_Madd_cy<7>
(PU_5/B4x4_13_B/PSAD_0/Madd_PSAD_0_add0000_Madd7ey<

XORCY:CI->0 1 0.300 0.000 PUB&X4_13_B/PSAD_0/Madd_PSAD_0_add0000_Madd_xor<8>
(PU_5/B4x4_13_B/PSAD_0/PSAD_0_add0000<8>)

FDRE:D -0.022 PUB&%4 13 B/PSAD_0/PSAD_0_8

Total 6.430ns (2.997n4dp§.433ns route)

(46.6% logh3.4% route)

Timing constraint: Default OFFSET OUT AFTER for Clo'clk’
Total number of paths / destination ports: 5833

Offset: 2.826ns (Levels of Logic = 1)
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Source: B4x8_00_out_13 (FF)
Destination: B4x8_00_out<13> (PAD)
Source Clock:  clk rising

Data Path: B4x8 00 out 13 to B4x8 00 _out<13>
Gate Net
Cell:in->out  fanout Delay Delay LogidcName (Net Name)

FDRE:C->Q 1 0.396 0.286 B488_out_13 (B4x8_00_out_13)
OBUF:1->0 2.144 B4x®) out 13 OBUF (B4x8_00_out<13>)
Total 2.826ns (2.540nddp@.286ns route)

(89.9% logi®.1% route)

CPU : 2240.63/2242.13 s | Elapsed : 2241.00 324s
>

Total memory usage is 1119724 kilobytes

Number of errors : 0 ( O filtered)

Number of warnings : 0 (O filtered)
Number of infos : 2688 (O filtered)
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Fifth design results with 16 PPUs utilized:

Release 9.2i - xst J.36

Copyright (c) 1995-2007 Xilinx, Inc. All rights served.
--> Parameter TMPDIR set to ./xst/projnav.tmp
CPU:0.00/0.36 s | Elapsed : 0.00/0.00 s

--> Parameter xsthdpdir set to ./xst
CPU:0.00/0.36 s | Elapsed : 0.00/0.00 s

--> Reading design: CU_16.prj

---- Source Parameters

Input File Name :"CU_16.prj"
Input Format : mixed

Ignore Synthesis Constraint File : NO

---- Target Parameters

Output File Name :"CU_16"
Output Format :NGC
Target Device : Xc5vIx330-2-160
---- Source Options

Top Module Name :CU_16
Automatic FSM Extraction " YES
FSM Encoding Algorithm : Auto
Safe Implementation : No
FSM Style s lut

RAM Extraction :Yes
RAM Style : Auto

ROM Extraction :Yes

Mux Style : Auto
Decoder Extraction : YES
Priority Encoder Extraction - YES
Shift Register Extraction : YES
Logical Shifter Extraction " YES
XOR Collapsing " YES
ROM Style : Auto

Mux Extraction " YES
Resource Sharing " YES
Asynchronous To Synchronous :NO
Use DSP Block :auto
Automatic Register Balancing : No

---- Target Options

Add IO Buffers - YES

Global Maximum Fanout : 100000
Add Generic Clock Buffer(BUFG) : 32
Register Duplication " YES

Slice Packing " YES

Optimize Instantiated Primitives : NO
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Use Clock Enable : Auto

Use Synchronous Set : Auto
Use Synchronous Reset : Auto
Pack IO Registers into IOBs : auto
Equivalent register Removal - YES
---- General Options

Optimization Goal : Speed
Optimization Effort 01

Power Reduction :NO
Library Search Order : CU_16.Iso
Keep Hierarchy :NO

RTL Output :Yes

Global Optimization . AliClockNets
Read Cores - YES

Write Timing Constraints :NO
Cross Clock Analysis :NO
Hierarchy Separator !

Bus Delimiter P>

Case Specifier : maintain
Slice Utilization Ratio 1100
BRAM Utilization Ratio 1100
DSP48 Utilization Ratio 1100
Verilog 2001 " YES

Auto BRAM Packing :NO
Slice Utilization Ratio Delta  : 5

* HDL Compilation

* Design Hierarchy Analysis

Analyzing hierarchy for module <CU_16> in librarywerk>.

Analyzing hierarchy for module <main_data_pathiibnary <work>.
Analyzing hierarchy for module <four_by four_blockelibrary <work>.
Analyzing hierarchy for module <four_stage_delaye} in library <work>.
Analyzing hierarchy for module <eight_stage_delae3* in library <work>.
Analyzing hierarchy for module <Row_Adder_0> inraby <work>.
Analyzing hierarchy for module <Row_Adder_1_ CSASibrary <work>.
Analyzing hierarchy for module <Row_Adder_2_ CSASibrary <work>.

Analyzing hierarchy for module <Row_Adder_3_ CSASibrary <work>.
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Analyzing hierarchy for module <PE_AD> in libraryverk>.
Analyzing hierarchy for module <PE_AD_CSA> in libyacwork>.
Analyzing hierarchy for module <CSA 8> in libraryerk>.
Analyzing hierarchy for module <CSA 9> in libraryerk>.
Analyzing hierarchy for module <CSA_Full_Adder>limrary <work>.

Unit <CU_16> synthesized.

Advanced HDL Synthesis Report

Macro Statistics

# ROMs 116
16x15-bit ROM 16
# Adders/Subtractors : 7056
10-bit adder : 256
11-bit adder carry in : 256
12-bit adder carry in : 256
13-bit adder carry in : 256
14-bit adder : 256
15-bit adder 164
16-bit adder 164
17-bit adder 116
8-bit adder 11024
9-bit adder : 4608
# Registers : 69475
Flip-Flops : 69475
# Comparators 1615
13-bit comparator less : 240
14-bit comparator less : 240
15-bit comparator less 160
16-bit comparator less 160
17-bit comparator less 115
# Xors 1 42496
1-bit xor3 : 38400
8-bit xor2 1 4096
* Low Level Synthesis *
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Optimizing unit <CU_16> ...

Optimizing unit <four_stage_delay _line> ...
Optimizing unit <eight_stage_delay_line> ...
Optimizing unit <PE_AD_CSA> ...
Optimizing unit <Row_Adder_0> ...
Optimizing unit <Row_Adder_1_CSA> ...
Optimizing unit <Row_Adder_2_CSA> ...
Optimizing unit <Row_Adder_3 CSA> ...
Optimizing unit <four_by four_block> ...
Optimizing unit <main_data_path> ...

Mapping all equations...
Building and optimizing final netlist ...

Final Macro Processing ...

Processing Unit <CU_16> :
Unit <CU_16> processed.

Final Register Report

Macro Statistics

# Registers : 32415
Flip-Flops 1 32415
# Shift Registers 12144
3-bit shift register 11664
7-bit shift register : 480

* Partition Report

Partition Implementation Status

No Partitions were found in this design.
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* Final Report *

Final Results
RTL Top Level Output File Name : CU_16.ngr

Top Level Output File Name :CU_16
Output Format :NGC
Optimization Goal : Speed
Keep Hierarchy :NO
Design Statistics

#10s 1081

Cell Usage :

# BELS : 253228

# GND 01

# LUT1 : 768

# LUT2 : 32534

# LUT3 : 14995

# LUT4 : 35850

# LUTS : 6544

# LUT6 : 60816

#  MUXCY : 55463
# VCC i

#  XORCY : 46256
# FlipFlops/Latches : 34559
# FDE 2161

# FDRE : 32398

# Shift Registers : 2144

#  SRLC32E : 2144

# Clock Buffers 12

# BUFG 01

# BUFGP 01

# 10 Buffers 11080

# IBUF : 507

# OBUF 573

Device utilization summary:

Selected Device : 5vIx330ff1760-2

Slice Logic Utilization:

Number of Slice Registers: 34559 our6fi7360 16%

Number of Slice LUTs: 153651 out207360 74%
Number used as Logic: 151507 ouRb¥7360 73%
Number used as Memory: 2144 oubd720 3%

Number used as SRL: 2144

Slice Logic Distribution:

Number of Bit Slices used: 158955
Number with an unused Flip Flop 124396 outl®8955 78%
Number with an unused LUT: 5304 outldd8955 3%
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Number of fully used Bit Slices: 29255 out 58955 18%

IO Utilization:
Number of |0s: 1081
Number of bonded 10Bs: 1081 out 200 90%

Specific Feature Utilization:
Number of BUFG/BUFGCTRLS: 2 outof32 6%

Partition Resource Summary:

No Partitions were found in this design.

TIMING REPORT

NOTE: THESE TIMING NUMBERS ARE ONLY A SYNTHESIS ESWIATE.
FOR ACCURATE TIMING INFORMATION PLEASE REFERO THE TRACE REPORT
GENERATED AFTER PLACE-and-ROUTE.

Clock Information:

+ + +
Clock Signal | Clock buffeF(Rame) | Load |

+ + +
clk | BUFGP | 36703 |

+ + +

Asynchronous Control Signals Information:

No asynchronous control signals found in this desig

Timing Summary:

Speed Grade: -2

Minimum period: 5.041ns (Maximum Frequency: BB&MHz)
Minimum input arrival time before clock: 6.430ns
Maximum output required time after clock: 2.886n
Maximum combinational path delay: No path found

Timing Detail:

Timing constraint: Default period analysis for Gtdclk’
Clock period: 5.041ns (frequency: 198.356MHz)
Total number of paths / destination ports: 19@®P6532643
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Delay: 5.041ns (Levels of Logic = 16)
Source: PU_16/B4x4_03_B/PSAD_0/AD2/€gRtered_0 (FF)
Destination: PU_15/B4x4_03 B/PSAD_0/PSADB (FF)
Source Clock:  clk rising
Destination Clock: clk rising

Data Path: PU_16/B4x4_03_B/PSAD_O0/AD2/C_Registebeto PU_15/B4x4_03_B/PSAD_0/PSAD_0_8
Gate Net
Cell:in->out  fanout Delay Delay LogidcName (Net Name)

FDRE:C->Q 22 0.396 0.508 PUBH&4_03_B/PSAD_0/AD2/C_Registered_0
(PU_16/B4x4_03_B/PSAD_0/AD2/C_Registered_0)

LUT2:11->0 5 0.086 0.000 PU/B&x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_lut<0>
(PU_14/B4x4_03_B/PSAD_0/AD4/Nine_Bit_Sum<0>)

MUXCY:S->0 17 0.305 0.000 PU/B&x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<0>
(PU_15/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy¥0>

MUXCY:CI->O 1 0.023 0.000 PU/BBx4 03 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<1>
(PU_15/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy¥1>

MUXCY:CI->O 1 0.023 0.000 PU/BBx4 03 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<2>
(PU_15/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cyx2>

MUXCY:CI->O 17 0.023 0.000 PU/BBx4 03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<3>
(PU_15/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy¥3>

MUXCY:CI->O 17 0.023 0.000 PU/BBx4 03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<4>
(PU_15/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy¥4>

MUXCY:CI->O 17 0.023 0.000 PU/BBx4 03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<5>
(PU_15/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy¥5>

MUXCY:CI->0 1 0.023 0.000 PU/BBx4 03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<6>
(PU_15/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy¥6>

MUXCY:CI->O 9 0.222 0.938 PU/BBx4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<7>
(PU_15/B4x4_03_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cyx7>

LUT6:10->0 1 0.086 0.487 PU/B&x4 03_B/PSAD_O0/AD3_Out<5>1
(PU_15/B4x4_03_B/PSAD_0/AD3_Out<5>)

LUT2:10->0 1 0.086 0.000 PU/B&x4 03_B/PSAD_0/Madd_Nine_Bit_Sum_2_lut<5>
(PU_15/B4x4_03_B/PSAD_0/N50)

MUXCY:S->0 1°0.305 0.000 PU/B&x4 03 _B/PSAD_0/Madd_Nine_Bit_Sum_2_cy<5>
(PU_15/B4x4_03_B/PSAD_0/Madd_Nine_Bit_Sum_2_cy<5>)

XORCY:CI->0 37 0.300 0.496 PU/B&x4_03_B/PSAD_0/Madd_Nine_Bit_Sum_2_xor<6>
(PU_15/B4x4_03_B/PSAD_0/Nine_Bit_Sum_2<6>)

LUT6:14->0 1 0.086 0.000 PU/B&x4_03_B/PSAD_0/Madd_PSAD_0_add0000_Madd_lut<7>
(PU_15/B4x4_03_B/PSAD_0/N59)

MUXCY:S->0 17 0.305 0.000 PU/B&x4_03_B/PSAD_0/Madd_PSAD_0_add0000_Madd_cy<7>
(PU_15/B4x4_03_B/PSAD_0/Madd_PSAD_0_add0000_Madd7zy

XORCY:CI->0 1°0.300 0.000 PU/B&x4_03_B/PSAD_0/Madd_PSAD_0_add0000_Madd_xor<8>
(PU_15/B4x4_03_B/PSAD_0/PSAD_0_add0000<8>)

FDRE:D -0.022 PU/B&x4_03_B/PSAD_O/PSAD _0_8

Total 5.041ns (2.613nddp@.428ns route)
(51.8% logi8.2% route)

Timing constraint: Default OFFSET IN BEFORE for €koclk'
Total number of paths / destination ports: 196881/ 52539
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Offset: 6.430ns (Levels of Logic = 18)
Source: bus_Select<2> (PAD)
Destination: PU_16/B4x4_10_B/PSAD_O0/PSAD8 (FF)
Destination Clock: clk rising

Data Path: bus_Select<2>to PU_16/B4x4_10 B/PSMPSAD 0 8
Gate Net
Cell:in->out  fanout Delay Delay LogidcName (Net Name)

IBUF:1->0 31999 0.694 0.844 b8slect 2_IBUF (bus_Select_2_IBUF)

LUT4:10->0 2728 0.086 0.668 PUMfdm_bus_Select rom0000121
(PU_1/Mrom_bus_Select_rom000011)

LUT4:12->0 61 0.086 0.000 PU/B4x4 10 B/PSAD_O0/AD4/Madd_Nine_Bit_Sum_lut<0>
(PU_10/B4x4_12_ B/PSAD_0/AD2/Nine_Bit_Sum<0>)

MUXCY:S->0 1 0.305 0.000 PU/B&x4 11 B/PSAD_O/AD3/Madd_Nine_Bit_Sum_cy<0>
(PU_13/B4x4_11_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy¥x0>

MUXCY:CI->O 1 0.023 0.000 PU/R3x4_11 B/PSAD_O0/AD3/Madd_Nine_Bit_Sum_cy<1>
(PU_13/B4x4_11_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy¥x1>

MUXCY:CI->0 1 0.023 0.000 PU/R3x4_11 B/PSAD_O0/AD3/Madd_Nine_Bit_Sum_cy<2>
(PU_13/B4x4_11_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy¥x2>

MUXCY:CI->0 1 0.023 0.000 PU/m3x4 11 B/PSAD_0/AD3/Madd_Nine_Bit Sum_cy<3>
(PU_13/B4x4_11 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy¥3>

MUXCY:CI->0 1 0.023 0.000 PU/m3x4 11 B/PSAD_0/AD3/Madd_Nine_Bit Sum_cy<4>
(PU_13/B4x4_11 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy¥x4>

MUXCY:CI->0 1 0.023 0.000 PU/m3x4 11 B/PSAD_0/AD3/Madd_Nine_Bit Sum_cy<5>
(PU_13/B4x4_11 B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy¥5>

MUXCY:CI->0 1 0.023 0.000 PU/R3x4_11 B/PSAD_O0/AD3/Madd_Nine_Bit_Sum_cy<6>
(PU_13/B4x4_11_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy¥x6>

MUXCY:CI->0 9 0.222 0.938 PU/B3x4_11_ B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cy<7>
(PU_13/B4x4_11_B/PSAD_0/AD3/Madd_Nine_Bit_Sum_cyx7>

LUT6:10->0 1 0.086 0.487 PU/B&x4_11 B/PSAD_O0/AD3_Out<5>1
(PU_13/B4x4_11_B/PSAD_0/AD3_Out<5>)

LUT2:10->0 1 0.086 0.000 PU/B&x4 11 B/PSAD_O/Madd_Nine_Bit_Sum_2_lut<5>
(PU_13/B4x4_11 B/PSAD_0/N50)

MUXCY:S->0 1 0.305 0.000 PU/B&x4 11 B/PSAD_0O/Madd_Nine_Bit_Sum_2 cy<5>
(PU_13/B4x4_11 B/PSAD_0/Madd_Nine_Bit_ Sum_2_cy<5>)

XORCY:CI->0 3 0.300 0.496 PU/B&x4 11 B/PSAD_0/Madd_Nine_ Bit_Sum_2_xor<6>
(PU_13/B4x4_11 B/PSAD_0/Nine_Bit_Sum_2<6>)

LUT6:14->0 1 0.086 0.000 PU/B&x4 11 B/PSAD_O/Madd_PSAD_0_add0000_Madd_lut<7>
(PU_13/B4x4_11_B/PSAD_0/N59)

MUXCY:S->0 1 0.305 0.000 PU/B&x4 11 B/PSAD_0O/Madd_PSAD_0_add0000_Madd_cy<7>
(PU_13/B4x4_11_B/PSAD_0/Madd_PSAD_0_add0000_Madd7=y

XORCY:CI->0 1 0.300 0.000 PU/B&x4 11 B/PSAD_0/Madd_PSAD_0_add0000_Madd_xor<8>
(PU_13/B4x4_11 B/PSAD_0/PSAD_0_add0000<8>)

FDRE:D -0.022 PU/B&x4 11 B/PSAD_O0/PSAD_0_8

Total 6.430ns (2.997n4dp§.433ns route)
(46.6% logh3.4% route)

Timing constraint: Default OFFSET OUT AFTER for Clo'clk’
Total number of paths / destination ports: 5833

Offset: 2.826ns (Levels of Logic = 1)
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Source: B4x8_00_out_13 (FF)
Destination: B4x8_00_out<13> (PAD)
Source Clock:  clk rising

Data Path: B4x8 00 out 13 to B4x8 00 _out<13>
Gate Net
Cell:in->out  fanout Delay Delay LogidcName (Net Name)

FDRE:C->Q 1 0.396 0.286 B488_out_13 (B4x8_00_out_13)
OBUF:1->0 2.144 B4x®) out 13 OBUF (B4x8_00_out<13>)
Total 2.826ns (2.540nddp@.286ns route)

(89.9% logi®.1% route)

CPU :9113.59/9114.02 s | Elapsed : 9114.00 4901s
>

Total memory usage is 1780844 kilobytes

Number of errors : 0 ( O filtered)

Number of warnings : 0 (O filtered)
Number of infos : 3712 ( O filtered)
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Sixth design results for a 16 PPUs System with De8uwffering:

Release 9.2.01i - xst J.37

Copyright (c) 1995-2007 Xilinx, Inc. All rights served.
->

Parameter TMPDIR set to ./xst/projnav.tmp
CPU:0.00/0.25 s | Elapsed : 0.00/0.00 s

-->
Parameter xsthdpdir set to ./xst
CPU:0.00/0.25s | Elapsed : 0.00/0.00 s

>
Reading design: System_16.prj

---- Source Parameters

Input File Name : "System_16.prj
Input Format : mixed

Ignore Synthesis Constraint File : NO

---- Target Parameters

Output File Name : "System_16"
Output Format :NGC

Target Device : Xc5vIx330-2-160
---- Source Options

Top Module Name : System_16
Automatic FSM Extraction " YES
FSM Encoding Algorithm : Auto
Safe Implementation : No

FSM Style s lut

RAM Extraction :Yes

RAM Style : Auto

ROM Extraction :Yes

Mux Style : Auto

Decoder Extraction :YES

Priority Encoder Extraction :YES

Shift Register Extraction " YES
Logical Shifter Extraction " YES

XOR Collapsing " YES

ROM Style : Auto

Mux Extraction : YES
Resource Sharing : YES
Asynchronous To Synchronous :NO
Use DSP Block :auto
Automatic Register Balancing : No

---- Target Options
Add 10 Buffers :YES
Global Maximum Fanout : 100000
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Add Generic Clock Buffer(BUFG) : 32

Register Duplication
Slice Packing

Use Clock Enable
Use Synchronous Set
Use Synchronous Reset

Pack IO Registers into IOBs
Equivalent register Removal

---- General Options
Optimization Goal
Optimization Effort
Power Reduction
Library Search Order
Keep Hierarchy

RTL Output

Global Optimization
Read Cores

Write Timing Constraints
Cross Clock Analysis
Hierarchy Separator
Bus Delimiter

Case Specifier

Slice Utilization Ratio
BRAM Utilization Ratio
DSP48 Utilization Ratio
Verilog 2001

Auto BRAM Packing

Slice Utilization Ratio Delta

" YES

. YES
Optimize Instantiated Primitives

:NO

: Auto

: Auto
: Auto
:auto
:YES

: Speed
01

:NO

: System_16.Iso
:NO

:Yes

: AlIClockNets

:YES

:NO
:NO
o

T<>
> maintain

1100
1100
: 100

:YES

:NO
:5

Analyzing hierarchy for module <System_16> in lfyrawork>.

Analyzing hierarchy for module <CU_16> in libraryerk>.

Analyzing hierarchy for module <dual_buffer> inrioy <work>.

Analyzing hierarchy for module <main_data_path¥bnary <work>.

Analyzing hierarchy for module <on_chip_mem> irrdity <work>.

Analyzing hierarchy for module <four_by four_blockelibrary <work>.

Analyzing hierarchy for module <four_stage_delaye# in library <work>.
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Analyzing hierarchy for module <eight_stage_delae3* in library <work>.

Analyzing hierarchy for module <spblockram_66>ibrdry <work> with parameters.
PIXEL_ROWS = "00000000000000000000000001000010"
RAM_ADDRESS_WIDTH = "00000000000000000000000000Q000
RAM_DATA_WIDTH = "00000000000000000000000010000000
RAM_SIZE = "00000000000000000000000001000010"

Analyzing hierarchy for module <spblockram_30>ibrdry <work> with parameters.
PIXEL_ROWS = "00000000000000000000000000011110"
RAM_ADDRESS_WIDTH = "00000000000000000000000000QG110
RAM_DATA_WIDTH = "00000000000000000000000010000000
RAM_SIZE ="00000000000000000000000000011110"

Analyzing hierarchy for module <Row_Adder_0> inraby <work>.

Analyzing hierarchy for module <Row_Adder_1_ CSASibrary <work>.

Analyzing hierarchy for module <Row_Adder_2_ CSASibrary <work>.

Analyzing hierarchy for module <Row_Adder_3_ CSASibrary <work>.

Analyzing hierarchy for module <PE_AD> in libraryverk>.

Analyzing hierarchy for module <PE_AD_CSA> in libyacwork>.

Analyzing hierarchy for module <CSA 8> in libraryerk>.

Analyzing hierarchy for module <CSA 9> in libraryerk>.

Analyzing hierarchy for module <CSA_Full_Adder>library <work>.

Unit <System_16> synthesized.

Loading device for application Rf_Device from fivIx330.nph' in environment /usr/local/Xilinx92i.
INFO:Xst:2691 - Unit <spblockram_66> : The RAM <Nimaram> will be implemented as a BLOCK RAM, ab-
sorbing the following register(s): <read_a>.

| ram_type | Block | |

| Port A [

| aspectratio |66-word x 128-bit | |

| mode | write-first | |

| clkA | connected to signal <clk | rise |

|  weA | connected to signal <we> | high |
| addrA | connected to signal <a> | |

| diA | connected to signal <di> | |

| doA | connected to signal <do> | |
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| optimisation | speed | |

INFO:Xst:2691 - Unit <spblockram_30> : The RAM <Nimaram> will be implemented as a BLOCK RAM, ab-
sorbing the following register(s): <read_a>.

| ram_type | Block | |

| Port A |

| aspectratio |30-word x 128-bit | |

| mode | write-first | |

| clkA | connected to signal <clk | rise |

|  weA | connected to signal <we> | high |
| addrA | connected to signal <a> | |

| diA | connected to signal <di> | |

| doA | connected to signal <do> | |

| optimisation | speed | |

Advanced HDL Synthesis Report

Macro Statistics

# RAMs 8
30x128-bit single-port block RAM 14
66x128-bit single-port block RAM 14

# ROMs 16
16x15-bit ROM 16

# Adders/Subtractors : 7065
10-bit adder : 256
11-bit adder carry in : 256
12-bit adder carry in : 256
13-bit adder carry in : 256
14-bit adder : 256
15-bit adder 164
16-bit adder 164
17-bit adder 116
4-bit adder 12
4-bit adder carry out 12
6-bit adder 12
6-bit adder carry out 12
7-bit adder 01
8-bit adder 11024
9-bit adder : 4608
# Registers 1 69999
Flip-Flops 1 69999
# Comparators 1625
13-bit comparator less 1240
14-bit comparator less : 240
15-bit comparator less 160
16-bit comparator less 160
17-bit comparator less 115
6-bit comparator greater 12
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6-bit comparator less 14

7-bit comparator less 14

# Xors 142497

1-bit xor2 01

1-bit xor3 : 38400

8-bit xor2 : 4096

* Low Level Synthesis *

Optimizing unit <System_16> ...

Optimizing unit <four_stage_delay _line> ...
Optimizing unit <eight_stage_delay_line> ...
Optimizing unit <PE_AD_CSA> ...
Optimizing unit <Row_Adder_0> ...
Optimizing unit <dual_buffer> ...

Optimizing unit <Row_Adder_1_CSA> ...
Optimizing unit <Row_Adder_2 CSA> ...
Optimizing unit <Row_Adder_3 CSA> ...
Optimizing unit <four_by four_block> ...
Optimizing unit <main_data_path> ...
Optimizing unit <CU_16> ...

Mapping all equations...

Building and optimizing final netlist ...

Area constraint is met for block <System_16>, firadio is 91.

Final Macro Processing ...

Processing Unit <System_16> :
Unit <System_16> processed.

Final Register Report

Macro Statistics

# Registers : 33092
Flip-Flops : 33092
# Shift Registers 2144
3-bit shift register : 1664
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7-bit shift register

1480

Partition Implementation Status

No Partitions were found in this design.

Final Results

RTL Top Level Output File Name
Top Level Output File Name

Output Format
Optimization Goal
Keep Hierarchy

Design Statistics
#10s

Cell Usage :
# BELS
GND
LUT1
LUT2
LUT3
LUT4
LUT5
LUT6
MUXCY
VCC
XORCY
FlipFlops/Latches
FDE
FDR
FDRE
FDS
# RAMS
# RAMB36_EXP
# Shift Registers

HHHFHFHHHFHHHHF IR

# SRLC16E
# Clock Buffers
# BUFG

# BUFGP

# 10 Buffers

# IBUF

: System_16.ngr
: System_16
:NGC
: Speed
:NO

: 848

. 254559
01
1768
132341
: 15531
137531
1 6895
159772
: 55463
01
1 46256
: 35236
12161
: 655
132393
127
132
132
12144
12144
12
01
01
1 847
1274
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Device utilization summary:

Selected Device : 5vIx330ff1760-2

Slice Logic Utilization:

Number of Slice Registers: 35236 ouR6fi7360 16%

Number of Slice LUTs: 154982 out207360 74%
Number used as Logic: 152838 ouRb¥7360 73%
Number used as Memory: 2144 oubdv20 3%

Number used as SRL: 2144

Slice Logic Distribution:

Number of Bit Slices used: 160461
Number with an unused Flip Flop 125225 outl60461 78%
Number with an unused LUT: 5479 outld0461 3%
Number of fully used Bit Slices: 29757 out ®60461 18%

IO Utilization:

Number of 10s: 848

Number of bonded IOBs: 848 out 200 70%

Specific Feature Utilization:

Number of Block RAM/FIFO: 32 outof288 11%
Number using Block RAM only: 32

Number of BUFG/BUFGCTRLS: 2 outof32 6%

Partition Resource Summary:

No Partitions were found in this design.

TIMING REPORT

NOTE: THESE TIMING NUMBERS ARE ONLY A SYNTHESIS ESWIATE.
FOR ACCURATE TIMING INFORMATION PLEASE REFERO THE TRACE REPORT
GENERATED AFTER PLACE-and-ROUTE.

Clock Information:

+ + +
Clock Signal | Clock buffeF(Rame) | Load |
+ + +
clk | BUFGP | 37412 |
+ + +
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Asynchronous Control Signals Information:

No asynchronous control signals found in this desig

Timing Summary:

Speed Grade: -2

Minimum period: 5.218ns (Maximum Frequency: B&1LMHz)
Minimum input arrival time before clock: 6.605ns
Maximum output required time after clock: 2.886n
Maximum combinational path delay: No path found

Timing Detail:

Timing constraint: Default period analysis for Gtdclk’
Clock period: 5.218ns (frequency: 191.661MHz)
Total number of paths / destination ports: 843850938019

Delay: 5.218ns (Levels of Logic = 16)
Source: Data_Path/PU_12/B4x4_33 B/PSHBD4/C_Registered_0 (FF)
Destination: Data_Path/PU_13/B4x4_33_B/PSBIPSAD 0 8 (FF)
Source Clock:  clk rising
Destination Clock: clk rising

Data Path: Data_Path/PU_12/B4x4 33 _B/PSAD_O/ADREYistered 0 to
Data_Path/PU_13/B4x4_33_B/PSAD_O0O/PSAD_0_8
Gate Net
Cell:in->out  fanout Delay Delay LogidcName (Net Name)

FDRE:C->Q 19 0.396 0.684 D@ath/PU_12/B4x4_33_B/PSAD_0/AD4/C_Registered 0
(Data_Path/PU_12/B4x4_33_B/PSAD_0/AD4/C_Registedpd
LUT4:11->0 21 0.086 0.000

Data_Path/PU_13/B4x4_33_B/PSAD_0/AD3/Madd_Nine_8itm_lut<0>
(Data_Path/PU_12/B4x4_33_B/PSAD_0/AD4/Nine_Bit_SOmK
MUXCY:S->0 1 0.305 0.000
Data_Path/PU_13/B4x4_33_B/PSAD_0/AD3/Madd_Nine_8itm_cy<0>
(Data_Path/PU_13/B4x4_33_B/PSAD_0/AD3/Madd_Nine_8itm_cy<0>)
MUXCY:CI->O 1 0.023 0.000
Data_Path/PU_13/B4x4_33_B/PSAD_0/AD3/Madd_Nine_8itm_cy<1>
(Data_Path/PU_13/B4x4_33_B/PSAD_0/AD3/Madd_Nine_8itm_cy<1>)
MUXCY:CI->0 1 0.023 0.000
Data_Path/PU_13/B4x4_33_B/PSAD_0/AD3/Madd_Nine_8itm_cy<2>
(Data_Path/PU_13/B4x4_33_B/PSAD_0/AD3/Madd_Nine_8itm_cy<2>)
MUXCY:CI->0 1 0.023 0.000
Data_Path/PU_13/B4x4_33_B/PSAD_0/AD3/Madd_Nine_8itm_cy<3>
(Data_Path/PU_13/B4x4_33_B/PSAD_0/AD3/Madd_Nine_8itm_cy<3>)
MUXCY:CI->O 1 0.023 0.000
Data_Path/PU_13/B4x4_33_B/PSAD_0/AD3/Madd_Nine_8itm_cy<4>
(Data_Path/PU_13/B4x4_33_B/PSAD_0/AD3/Madd_Nine_8itm_cy<4>)
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MUXCY:CI->0 1 0.023 0.000
Data_Path/PU_13/B4x4_33_B/PSAD_0/AD3/Madd_Nine_8itm_cy<5>
(Data_Path/PU_13/B4x4_33_B/PSAD_0/AD3/Madd_Nine_8itm_cy<5>)
MUXCY:CI->O 1 0.023 0.000
Data_Path/PU_13/B4x4_33_B/PSAD_0/AD3/Madd_Nine_8itm_cy<6>
(Data_Path/PU_13/B4x4_33_B/PSAD_0/AD3/Madd_Nine_8itm_cy<6>)
MUXCY:CI->0 9 0.222 0.938
Data_Path/PU_13/B4x4_33_B/PSAD_0/AD3/Madd_Nine_8itm_cy<7>
(Data_Path/PU_13/B4x4_33_B/PSAD_0/AD3/Madd_Nine_8itm_cy<7>)

LUT6:10->0 1 70.086 0.487 DaRath/PU_13/B4x4_33_B/PSAD_0/AD3_Out<5>1
(Data_Path/PU_13/B4x4_33_B/PSAD_0/AD3_Out<5>)

LUT2:10->0 1 0.086 0.000 Da®ath/PU_13/B4x4 33 B/PSAD_0/Madd_Nine_Bit_Sum_X5ut
(Data_Path/PU_13/B4x4_33_B/PSAD_0/N50)

MUXCY:S->0 1 0.305 0.000 Da®ath/PU_13/B4x4_33_B/PSAD_0/Madd_Nine_Bit_Sum_25cy<
(Data_Path/PU_13/B4x4_33_B/PSAD_0/Madd_Nine_Bit_S2inty<5>)

XORCY:CI->0 3 0.300 0.496

Data_Path/PU_13/B4x4_33_B/PSAD_0/Madd_Nine_Bit_S2irmor<6>
(Data_Path/PU_13/B4x4_33_B/PSAD_0/Nine_Bit_Sum_2<6>

LUT6:14->0 1 0.086 0.000
Data_Path/PU_13/B4x4_33_B/PSAD_0/Madd_PSAD_0_adaiod@dd_lut<7>
(Data_Path/PU_13/B4x4_33_B/PSAD_0/N59)

MUXCY:S->0 1 0.305 0.000
Data_Path/PU_13/B4x4_33_B/PSAD_0/Madd_PSAD_0_adglodadd_cy<7>
(Data_Path/PU_13/B4x4_33_B/PSAD_0/Madd_PSAD_0_ad@oBladd_cy<7>)

XORCY:CI->0 1 0.300 0.000
Data_Path/PU_13/B4x4_33_B/PSAD_0/Madd_PSAD_0_adalodadd_xor<8>
(Data_Path/PU_13/B4x4_33_B/PSAD_0/PSAD_0_add000p<8>

FDRE:D -0.022 Daeath/PU_13/B4x4_33_B/PSAD_0/PSAD_0_8

Total 5.218ns (2.613n9dp@.604ns route)
(50.1% logi®.9% route)

Timing constraint: Default OFFSET IN BEFORE for Ckoclk'
Total number of paths / destination ports: 1283@5/ 50180

Offset: 6.605ns (Levels of Logic = 18)
Source: bus_Select<3> (PAD)
Destination: Data_Path/PU_1/B4x4_32_B/PSBMPSAD 0 8 (FF)
Destination Clock: clk rising

Data Path: bus_Select<3> to Data_Path/PU_1/B4&BMFPSAD_0/PSAD 0 8
Gate Net
Cell:in->out  fanout Delay Delay LogidcName (Net Name)

IBUF:1->0 32505 0.694 0.844 b8slect 3_IBUF (bus_Select_3_IBUF)

LUT4:10->0 2290 0.086 0.844 Daath/PU_9/Mrom_bus_Select rom000041
(Data_Path/PU_1/Mrom_bus_Select_rom00003)

LUT4:10->0 15 0.086 0.000
Data_Path/PU_1/B4x4_30_B/PSAD_0O/AD3/Madd_Nine_BitmS|ut<0>
(Data_Path/PU_1/B4x4_30_B/PSAD_0/AD3/Nine_Bit_Sum)kx0

MUXCY:S->0 1 0.305 0.000
Data_Path/PU_1/B4x4_30_B/PSAD_0/AD3/Madd_Nine_BimScy<0>
(Data_Path/PU_1/B4x4_30_B/PSAD_0/AD3/Madd_Nine_Bitm_cy<0>)
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MUXCY:CI->0 1 0.023 0.000
Data_Path/PU_1/B4x4_30_B/PSAD_0/AD3/Madd_Nine_BitmScy<1>
(Data_Path/PU_1/B4x4_30_B/PSAD_0/AD3/Madd_Nine_8itm_cy<1>)
MUXCY:CI->O 1 70.023 0.000
Data_Path/PU_1/B4x4_30_B/PSAD_0/AD3/Madd_Nine_BitmScy<2>
(Data_Path/PU_1/B4x4_30_B/PSAD_0/AD3/Madd_Nine_Bitm_cy<2>)
MUXCY:CI->0 1 0.023 0.000
Data_Path/PU_1/B4x4_30_B/PSAD_0/AD3/Madd_Nine_BitmScy<3>
(Data_Path/PU_1/B4x4_30_B/PSAD_0/AD3/Madd_Nine_Bitm_cy<3>)
MUXCY:CI->0 1 70.023 0.000
Data_Path/PU_1/B4x4_30_B/PSAD_0/AD3/Madd_Nine_BitmScy<4>
(Data_Path/PU_1/B4x4_30_B/PSAD_0/AD3/Madd_Nine_Bitm_cy<4>)
MUXCY:CI->0 1 70.023 0.000
Data_Path/PU_1/B4x4_30_B/PSAD_0/AD3/Madd_Nine_BitmScy<5>
(Data_Path/PU_1/B4x4_30_B/PSAD_0/AD3/Madd_Nine_8itm_cy<5>)
MUXCY:CI->0 1 70.023 0.000
Data_Path/PU_1/B4x4_30_B/PSAD_0/AD3/Madd_Nine_BitmScy<6>
(Data_Path/PU_1/B4x4_30_B/PSAD_0/AD3/Madd_Nine_Bitm_cy<6>)
MUXCY:CI->0 9 0.222 0.938
Data_Path/PU_1/B4x4_30_B/PSAD_0/AD3/Madd_Nine_BitmScy<7>
(Data_Path/PU_1/B4x4_30_B/PSAD_0/AD3/Madd_Nine_8itm_cy<7>)

LUT6:10->0 1 0.086 0.487 Ddeath/PU_1/B4x4 30 _B/PSAD_0/AD3_Out<5>1
(Data_Path/PU_1/B4x4_30_B/PSAD_0/AD3_Out<5>)

LUT2:10->0 1 0.086 0.000 Daeath/PU_1/B4x4 30_B/PSAD_0/Madd_Nine_Bit Sum_2 Sut<
(Data_Path/PU_1/B4x4_30_B/PSAD_0/N50)

MUXCY:S->0 1 0.305 0.000 Daath/PU_1/B4x4 30 _B/PSAD_O0/Madd_Nine_Bit Sum_2_ey<5
(Data_Path/PU_1/B4x4 30 _B/PSAD_0/Madd_Nine_Bit S2inecy<5>)

XORCY:CI->0 3 0.300 0.496 Da&ath/PU_1/B4x4_30_B/PSAD_0/Madd_Nine_Bit_Sum_2_gor<
(Data_Path/PU_1/B4x4_30_B/PSAD_0/Nine_Bit_Sum_2<6>)

LUT6:14->0 1 0.086 0.000

Data_Path/PU_1/B4x4_30_B/PSAD_0/Madd_PSAD_0_add0@aad_lut<7>
(Data_Path/PU_1/B4x4_30_B/PSAD_0/N59)

MUXCY:S->0 1 70.305 0.000
Data_Path/PU_1/B4x4_30_B/PSAD_0/Madd_PSAD_0_addo@aad_cy<7>
(Data_Path/PU_1/B4x4_30_B/PSAD_0/Madd_PSAD_0_addop@add_cy<7>)

XORCY:CI->0 1 0.300 0.000
Data_Path/PU_1/B4x4_30_B/PSAD_0/Madd_PSAD_0_add0@aad_xor<g>
(Data_Path/PU_1/B4x4_30_B/PSAD_0/PSAD_0_add0000<8>)

FDRE:D -0.022 Daeath/PU_1/B4x4_30_B/PSAD_O0/PSAD_0_8

Total 6.605ns (2.997n9dp§.608ns route)
(45.4% loghet.6% route)

Timing constraint: Default OFFSET OUT AFTER for Clo'clk’
Total number of paths / destination ports: 58333

Offset: 2.826ns (Levels of Logic = 1)
Source: Data_Path/B4x8 00 _out_13 (FF)
Destination: B4x8 00 out<13> (PAD)
Source Clock:  clk rising

Data Path: Data_Path/B4x8 00 _out 13 to B4x8_ O&1&»
Gate Net
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Cell:in->out  fanout Delay Delay LogidcName (Net Name)

FDRE:C->Q 1 0.396 0.286 D&ath/B4x8_00_out 13 (Data_Path/B4x8_00_out 13)
OBUF:1->0 2.144 B4x®) out_13_OBUF (B4x8_00_out<13>)
Total 2.826ns (2.540n9dp@.286ns route)

(89.9% logi®.1% route)

CPU : 25644.38 / 25644.66 s | Elapsed : 2593525335.00 s

>

Total memory usage is 2602688 kilobytes
Number of errors : 0 ( O filtered)

Number of warnings : 0 (O filtered)
Number of infos : 3714 ( O filtered)
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