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1 Introduction

The 21st century has seen an abundance of advancements in the field of 3D human-computer

interaction (HCI), whereby users are able to interact with 3D models either through virtual

space or physical space. The advent of technologies such as the Nintendo 3DSTM and Oblong

g-speakTM is a testament to current developments in stereoscopy and 3D motion capture /

gesture-based interaction. Such developments have led to the use of interactive simulation

software to train soldiers in hand-to-hand military combat or to train surgeons in performing

complicated operations.

3D HCI technology can be dichotomized by the way virtual and physical spaces are used

in the interaction. When the physical space is used for data input, users send commands to

the machine using an input device for detecting the 3D position of the user action. When

it is used for data output, the simulated 3D rendering is projected onto the physical space

through an output device.

In this project, we develop an FPGA-based interactive 3D processing framework to ex-

plore both of these modes of interaction. In stereoscopy mode, our system renders a stereo-

scopic anaglyph image from 2D images captured using two NTSC cameras that are positioned

a few inches apart to mimic a pair of human eyes. This 3D rendering is then viewable through

an output device, namely red and cyan 3D glasses. In gestural interaction mode, we use the

same camera setup as a motion capture input device. Our system captures simple gestures

and interprets them to control the viewing position of a virtual rendering of a polyhedron.
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2 Functionality

2.1 Overview

The 3D processing framework works in two modes: stereoscopy (or anaglyph) mode and

gestural interaction mode.
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Figure 1: A high-level block diagram of the processing pipeline.

In the first mode, a stereoscopic image is generated that can be viewed with 3D glasses.

The frame grabber outputs deinterlaced video frames to an anaglyph filter. This filter uses

information from the left and right frames and generates an anaglyph image. This image is

saved to a frame bu↵er by the ZBT controller. The VGA controller renders the resulting

anaglyph to the monitor.

In the second mode, a specially marked object is used as a gestural input controller for a

virtual camera viewing a 3D model. The frame grabber outputs a deinterlaced video frame

directly to the ZBT controller, which is saved to a frame bu↵er. The virtual camera controller

module reads data from the frame bu↵er to detect the position and orientation of a specially

marked object. It determines the location of calibration dots on an object, and uses that

information to calculate a virtual camera position. This virtual camera position determines

the perspective from which the 3D renderer will render a pre-configured wire-frame stored in

ROM. The resulting image is saved to a BRAM frame bu↵er, from which the VGA controller

renders an image on the screen.
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2.2 Modules

2.2.1 Frame Grabber – Tim

The frame grabber interfaces with the ADV7185 video capture chip and simultaneously

records two video feeds to memory.
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Figure 2: Block diagram for the Frame Grabber module.

NTSC Decoder Controller (ntsc decoder.v) The NTSC decoder module generates

control signals for the onboard video decoder chip. This module is based on the sta↵ provided

ADV7185 controller code, but is modified to capture two video feeds simultaneously. This is

possible by processing image data from one camera at a time, and switching between cameras

at the expense of frame rate. There are three analog video input lines that are physically

accessible on the Labkit: composite, S-Video chrominance, and S-Video luminance. The

composite video signal of the second camera is connected to the chrominance input of the

S-Video connector. The INPUT SEL register on the ADV7185 decoder chip selects which

video stream is selected. The appropriate values for labkit video inputs AIN2 and AIN5

are available on the datasheet. A single bit source input to this module selects the input

channel. The register is periodically updated by the FPGA over the i2c bus at a rate much

faster than that of the camera frame period.

Camera Multiplexer (framegrabber.v) The controller captures two streams at a re-

duced frame rate by alternating the incoming video stream. The NTSC standard specifies a

30 frame per second (FPS) frame rate for the interlaced signal that is generated by the cam-

eras. Since the video decoder is shared by two video feeds, it is not possible to capture video
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at the full frame rate. The subsequent image processing modules do calculations on a whole

frame, so the input video stream must be deinterlaced. De-interlacing (which is performed

by address manipulation) halves the frame rate, and switching the input feed discards an

input frame. The resulting frame rate is 6 FPS at the original 640x480 resolution.

Internally, this is accomplished by reading the FVH (field, vertical sync, horizontal sync)

bus from the sta↵-provided NTSC decoder. On every second field change, the source input

to the ADV7185 controller is inverted. Write enable is held low immediately after a source

switch for one field (even or odd) to give the video decoder chip time to lock onto the signal

(which takes two vertical sync transitions, a time period much longer than field transition).

NTSC to ZBT frame grabber (ntsc2zbt.v) The frame grabber takes interlaced NTSC

frame data as input and generates the proper control and data signals for the ZBT. The frame

grabber converts from the input color space to an internal 18-bit RGB palette using the sta↵-

supplied YCrCb to RGB converter. The deinterlacing is accomplished by keeping track of

the field signal from the NTSC decoder and matching the low order bit of the column count

memory address to the even or odd field. Since color video requires at least 16 bits per pixel,

only two pixels per memory word could be recorded. This required modifying the address

and data signals generated by the sta↵ provided module.

Since a functional memory controller was not synthesized, an anaglyph filter relying on

persistence of vision was implemented in this module. Since only one frame of data was

available at a time, left frames retained their red channel and right frames retained their

green and blue channel. At a high enough switching frequency, persistence of vision would

create a composite image. However, due to frame rate limitations the resulting image did

not create a 3D illusion.

This module and the preceding NTSC decoder was tested tested in a testjig that out-

puts the contents of the front bu↵er to a VGA monitor, with the input source switched

automatically by the camera multiplexer.

2.2.2 ZBT Memory Controller (memcontrol.v) – Tim

There are two one-port ZBT memory chips that allow for 36 bits to be written or read every

clock cycle. Internally, two 18-bit RGB pixels are stored per line of memory in both bu↵ers.

Since NTSC memory access is time-critical, the ntsc to zbt module has access priority to

the back bu↵er ZBT. The back bu↵er contains two video frames at any time: one frame for

each of the cameras. The front bu↵er is stored on the second ZBT chip, and access to the

chip is shared by the virtual camera controller and the VGA controller. Only one module

actively accesses the front bu↵er at a time. Data is transferred between the memories by
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the flipbuffer module.
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Figure 3: Block diagram for the overall memory architecture.

The ntsc to zbt module provides a raw memory address and a write enable signal, since

it was based on the sta↵ provided code. The VGA controller does not provide a write enable

signal, and the memory controller deduces a read request by detecting a change on the

address bus. Since the flipbuffer module needs to know when both the front and back

bu↵ers are free to be written to (it has the lowest access priority), all external read and

write requests are delayed by one cycle. When an external read/write request is detected,

the flipbuffer module holds state the next cycle and allows the memory access to flow

through. If one of the bu↵ers is accessed repeatedly without a two cycle window for the

flipbuffer module to perform a read or write operation, bu↵er flipping will stall.

The flipbuffer module operates by reading data from the back bu↵er, applying an

anaglyph filter if the system is in anaglyph mode, and writing the data to the front bu↵er.

Since two data words are needed for the anaglyph filter (left and right frames), two memory

accesses are needed to the back bu↵er for every word added to the front bu↵er. The anaglyph

conversion has a latency of one clock cycle, and it takes two cycles for the SRAM to respond

to a read request. Therefore a minimum of six cycles is required to copy two pixels (left

and right) and output the composite two pixels to the front memory. The VGA controller

and virtual camera controller never read data that is being updated, since an internal frame

completion signal selects a complete frame for reading and writes to a di↵erent image frame.

This memory topology was a risky design decision: the flipbuffer module is a state

machine that needs to hold data and carefully time its memory accesses with the other mod-

ules. This simulation ran well in Modelsim under straightforward memory access patterns.

However, the memory controller was unable to arbitrate chaotic memory access when im-

5



plemented in hardware. A logic analyzer connected to the physical control and data lines

on the memory controller showed erratic output from the ZBT memory: with a constant

write enable signal and address bus, the data bus would fluctuate. This was likely caused

by tri-state bus mismanagement or timing violations. In the test jig, data was successfully

stored, copied, and output from the front bu↵er, but the memory integrity was too poor to

display a camera feed.

A safer design topology was devised, but not implemented: instead of a module flipping

data between two memories, data would be recorded to the memory in parallel. Each camera

would record to its own memory, and the VGA controller would read both words during the

same clock cycle and apply the anaglyph filter as data was streamed to the VGA display.
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Figure 4: Block diagram for the front bu↵er ZBT controller.

2.2.3 Virtual Camera Controller – Adam

The virtual camera controller is responsible for controlling the position of a virtual camera

viewing a wireframe object using camera data. The user controls the position of the virtual

camera by moving a colored dot. This module tracks the location of the dot on the two

cameras, calculates the dots location in three-dimensional space, and translates its position

into a change in the virtual cameras position.

Fetch Controller The fetch controller is responsible for coordinating the actions of all the

modules in the virtual camera controller. When it is not processing data, the fetch controller

holds its request line high, telling the frame bu↵er that it may write data to it. When the

data ready line goes high, the fetch controller brings the request line low, resets the center

of mass calculators, and starts calling addresses so the center of mass calculators can receive
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Figure 5: Block diagram for the Virtual Camera Controller module.

frame data. After going through every possible address on each frame, this module pulses

the done line and brings its request line high again.

The fetch controller starts by calling address (0, 0) on the left frame. Since the frames

are stored in memory with two pixels per memory address, this call yields the pixels at (0, 0)

and (1, 0) on the left image. Using a handshaking protocol with the memory controller, the

fetch controller knows when the frame data becomes valid, after which the fetch controller

continues by calling addresses (2, 0), (4, 0), and so on. After retrieving all pixels in the left

frame, the fetch controller starts over by calling addresses to retrieve the pixels in the right

frame.

Field Selector The field selector is just a demultiplexer. Since the memory controller does

not permit accessing both the left and right frames at the same time, we only feed the center

of mass calculator corresponding to whether we are reading the left frame or the right frame.

The other frame is fed a pixel value of 0. However, this does not a↵ect the calculations of

the center of mass due to how the center of mass calculators are implemented.

Center of Mass Calculator The center of mass calculator modules are responsible for

locating the centers of the dots on each of the camera frames. There are two of these modules,

one for the left frame and one for the right frame. Each module keeps track of three values:

S

x

, S
y

, and N , which represent the sum of the x-coordinates of the light pixels, the sum of

the y-coordinates of the light pixels, and the number of light pixels, respectively. When reset,

these values are set to zero and any additional information used to perform the calculations

is discarded.
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Each module outputs what it calculates to be the center of the dot on the frame it

analyzed. The outputs are not necessarily valid until the modules have received all the pixel

data from the frame bu↵ers.

Each center of mass calculator is capable of filtering out noise to an extent. Since each

center of mass calculator is fed two pixels at a time, we test if both pixel values are above a

certain brightness threshold. The brightness here is calculated by adding up the 6-bit red,

green, and blue values, making the brightness range from 0 (pure black) to 189 (pure white).

If both pixels have a brightness of at least 150, then both pixels are determined to be light

pixels, and S

x

, S
y

, and N are adjusted accordingly. Otherwise, both pixels are determined

to be dark pixels. This algorithm was tested using a Python script and has proven to be

reliable with moderate amounts of noise.

The center of mass of the light pixels is then approximately at (Sx

N

,

S

y

N

). However, this

module does not do any direct division; rather, it outputs the values of S
x

, S
y

, and N directly.

This minimizes the number of dividers, which are very expensive in terms of hardware, needed

to build this digital system.

Dot Location Calculator The dot location calculator is responsible for taking the centers

of the dots on each camera frame and calculating the location of the dot in three-dimensional

space. The location of the dot depends not only on the centers of mass given by the center of

mass calculators, but several physical properties of the cameras, such as the distance between

the two cameras and their viewing angle. We will now construct a mathematical model of

this problem, solve it, and discuss how it is implemented in hardware.

2L

2θ2θ

Figure 6: An image of the setup of the two cameras.

Suppose the cameras are separated by a distance 2L and that they each have viewing

angle 2✓. On each camera frame we are given center of mass (xL, yL) and (xR, yR) in image

coordinates. From this we wish to find the real position (x, y, d) of the dot. Our system does
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not use d, but we will figure it out anyway to help us in calculations. Set up a coordinate

system that places the cameras at (±L, 0) facing in the direction of the positive d-axis. First

we will solve for x and d.

θ  θ

0 320 640
d tan θ d tan θ

(x, d)

(-L, 0)

 d

y

d

x

Figure 7: A top-down view of the area viewable by the left camera.

The bold numbers in the above frame correspond to image coordinates. From this we

get the following equation:

x = �L� d tan ✓ + d tan ✓ · xL

320

We may rewrite the above equation as follows:

x = �L+ d tan ✓
⇣
xL

320
� 1

⌘

Similarly, we may get the following equation from the right camera:

x = L+ d tan ✓
⇣
xR

320
� 1

⌘

Solving for x and d, we get the following:

d =
640L

(xL � xR) tan ✓

x = L

✓
xL + xR � 640

xL � xR

◆

To calculate y, consider a side view of the area that the cameras can see:

Since the width of the viewable area is 2d tan ✓ it must follow that the height of the

viewable area is 3
2d tan ✓ because the camera has a 4:3 aspect ratio. This gives us the

following equation:
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Figure 8: A side view of the area viewable by either camera.

y =
3

4
d tan ✓

✓
240� yL

240

◆

Theoretically, yL = yR if we assume that the cameras are at the same height. However,

due to possible measurement errors this may not be the case. Therefore we will modify this

formula slightly:

y =
3

4
d tan ✓

✓
240� yC

240

◆

where yC = 1
2 (yL + yR). Since we already know d we may compute y:

y =
2L(240� yC)

xL � xR
=

L(480� yL � yR)

xL � xR

However, we are not given the centers of mass directly; instead we are given S

L
x

, SL
y

, and

N

L from the left center of mass calculator and S

R
x

, SR
y

, and N

R from the right center of mass

calculator. Therefore we must make four substitutions to make our system compatible with

its inputs: xL = S

L
x

/N

L, xR = S

R
x

/N

R, yL = S

L
y

/N

L, and yR = S

R
y

/N

R. After making these

substitutions, assuming L = 1, and simplifying all complex fractions, we get:

x =
640NL

N

R � S

L
x

N

R �N

L
S

R
x

N

L
S

R
x

� S

L
x

N

R

y =
�480NL

N

R + S

L
y

N

R +N

L
S

R
y

N

L
S

R
x

� S

L
x

N

R

Therefore our system only requires at most two dividers, as opposed to six dividers had

the task of computing xL, xR, yL, and yR been delegated to the center of mass calculators.

Instead we perform more multiplications, which is better since multipliers have a much lower

latency than dividers.

In order to perform these calculations, however, we require large multipliers and dividers.

Note that the maximum possible values for S
x

, S
y

, and N from any center of mass calculator

10



are 98,150,400, 73,574,400, and 307,200, respectively. Therefore the S

x

and S

y

buses must

be at least 27 bits wide, and the N buses must be at least 19 bits wide. Therefore our

multipliers must be capable of multiplying 27-bit numbers by 19-bit numbers. We used

CoreGen to create such a multiplier.

To provide enough of a safety factor in performing our divisions, we wanted to implement

a 54-bit by 48-bit divider. Unfortunately, CoreGen was unable to synthesize such a large

divider on the Virtex-II chip due to limitations on the maximum sizes of the dividends and

divisors. Therefore our divider only divides 32-bit numbers by 32-bit numbers, the largest

divider we could synthesize. Sadly, this does not allow our system to be as accurate as we

would like, as larger blobs will result in incorrect calculations. (It should be noted, however,

that we have done simulations with a 54-bit by 48-bit divider constructed for a more recent

chip using a newer version of ISE, and we got accurate results.)

Then we translate the location of the object to a change in camera angle, which is specified

in spherical coordinates (⇢, ✓,�). In our system ⇢ is held constant and is determined by the

3D renderer, so this module does not bother with it. Our divider extends the quotient to

12 bits beyond the decimal point, which gives us the objects position with resolution L

4096 .

Suppose our dividers generate the numbers XD and YD to represent the objects position in

space. We will then feed XD and YD into the integrator. This means that the rate at which

the camera changes is proportional to the linear displacement of the dot in the xy-plane.

Integrator The integrator is responsible for keeping track of the virtual cameras position.

It takes as an input the rate at which the virtual camera moves and an enable line. When the

enable line is low, the integrator does not change the position of the camera, which prevents

this module from changing the position of the virtual camera when the input from the dot

line calculator may not be valid or when we wish to keep the object still.

This module keeps track of the virtual cameras position in an internal register, with 41

bits for ⇥ and 41 bits for �, each possible value representing 1/241 of a complete circle. For

example, a value of 0 represents 0�, a value of 240 represents 180�, a value of 3 ·239 represents
270�, and so on. It outputs the contents of this register only when the update line is pulsed

high. This allows the 3D Renderer to read the virtual camera position without worrying

about it changing while drawing a single frame.

This module receives XD and YD values from the dot location calculator. When enabled,

the integrator increments ⇥ by XD and � by YD. Since the clock speed is 65 MHz (approx-

imately 226 Hz), setting XD = 32768, which corresponds to x = 8L, results in the virtual

camera revolving about the objects equator at a rate of approximately one revolution per

second.
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2.2.4 Anaglyph Filter (anaglyphFilter.v) – Andrew

Rendering an anaglyphic image involves applying separate color filters to two input images.

The left image, which is viewed through a red filter, has its blue and green color components

reduced, while the right image, which is viewed through a cyan filter, has its red component

reduced. The composite image is then composed by combining the remaining color compo-

nents into a single color image. When viewed through the red-cyan 3D glasses, the visual

cortex of the brain fuses this into perception of a three dimensional image.

Our Anaglyph Filter module acts as a processing unit that takes a left and right pixel

for a given (x, y)-coordinate and outputs a single RGB pixel, transformed according to the

Optimized Anaglyphs method of [1].

This method works as follows. For a pixel on the left frame with RGB components

v

L

= [r
L

, g

L

, b

L

] and the corresponding pixel on the right frame with RGB components

v

R

= [r
R

, g

R

, b

R

], the resulting pixel that is rendered has RGB components

v

anaglyph

= [0.7 · g
L

+ 0.3 · b
L

, g

R

, b

R

].

Since g
L

and b

L

are each 6 bits wide, we implemented our Anaglyph Filter module in Verilog

as two 64-row lookup tables and an adder. As a result, our module is lightweight and requires

a single clock cycle per pixel of anaglyph image.

To verify the accuracy of this algorithm, we implemented a Python version using the

Python Imaging Library (PIL) and applied it to left/right captures of an inanimate object.

Our result is shown in Figure 9.

Figure 9: The results of performing a test of our Anaglyph Filter algorithm.

As mentioned in Section 2.2.1, the output of the Frame Grabber module is a stream of

frame pixel data that is eventually passed into the ZBT controller and stored in the front

bu↵er ZBT. In our originally proposed schematic, the user-selected mode dictates (through

the mux shown in Figure 1) whether or not the stream of frame pixel data being stored is
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anaglyph-filtered. Thus, as Figure 1 shows, the Anaglyph Filter is inserted before the ZBT

Controller module.

However, after facing di�culties implementing the ZBT controller as shown in Fig-

ure 4, we drafted an alternate controller schematic that follows a di↵erent topology. In

this schematic, left and right frames are each saved to a ZBT and are read out simulta-

neously. We could easily integrate this new design into our current implementation of the

Anaglyph Filter simply by passing the output of the ZBT controller through the Anaglyph

Filter and then into the VGA controller.

2.2.5 3D Renderer (threeDimRenderer.v) – Andrew

The 3D Renderer module is responsible for pulling the hard-coded polyhedron, specified by a

set of (x, y, z) coordinates stored in memory, as well as the virtual camera position (✓, �) from

the Virtual Camera Controller, and performing all the necessary perspective transformation

operations to output a 2D orthographic projection of the polyhedron as seen from the virtual

camera. The module coordinates with the Virtual Camera Controller module by sending it

request signals to specify when the 3D Renderer is done processing data and ready for the

new virtual camera position. The 3D Renderer is comprised of the following three modules.

Angle Grabber (angleGrabber.v) The Angle Grabber is the interface between the 3D

Renderer and the Virtual Camera Controller. Its responsibility is to request angles from

the Virtual Camera Controller when the 3D Renderer is ready to perform transformation

calculations on them, and likewise, initiate transformation calculations only when the angles

are new. This was implemented as a 3-state state machine. In the initial state S WAITING, the

Angle Grabber continually sends request signals that prompt the Virtual Camera Controller

to send back 16-bit ✓ and � angles. Angle Grabber then takes the 8 most significant bits of

each angle and checks if they are new using a wire called isAngleNew. To avoid glitchy user

interaction, we perform transformation calculations only when hcount, vcount are outside

the display frame. Thus, Angle Grabber also keeps track of when vcount exceeds 767 (and

is under 800) in a wire called isOutofFrame.

When both isAngleNew and isOutofFrame are high, the state machine moves to the

S READY state. In this state, the Angle Grabber sends a ready signal to the Perspective

Transformer module to indicate that a new angle is ready to be processed. The Angle

Grabber then listens for an acknowledgement from the Perspective Transformer before tran-

sitioning into the S BUSY state, at which point the ready signal is set low.
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Perspective Transformer (perspectiveTransform.v) The responsibility of the Per-

spective Transformer is to take angles delivered from Angle Grabber and update the (x, y)

coordinates of the points in the 2D wire-frame. In its initial state S WAITING, the Perspective

Transformer waits for a ready signal from Angle Grabber. Upon receiving the ready signal,

the Perspective Transformer indicates acknowledgement by setting its angle request signal

low. From here it proceeds into the S PROCESSING state, during which it runs through all

hard-coded (x, y, z) points in memory, applies a rotational transform to each, and stores the

new (x, y) coordinates in a corresponding Point Sprite.

For a given point (x, y, z) and rotations ✓ and � about the origin, the projected coordi-

nates of the rotated point (x0
, y

0) are given by

x

0 = x cos�� z sin�

y

0 = y cos ✓ + z cos� sin ✓ + x sin ✓ sin�

These coordinates are then o↵set to correctly place the point on the screen. Performing

this entire calculation requires a 7-stage pipeline with sine and cosine functions implemented

as 256-case lookup tables. Upon completing this calculation for all hard-coded points, the

Perspective Transformer sets its angle request signal to high again, signaling Angle Grabber

to transition back to the S WAITING state.

S_WAITING
requestOut=1

angleReady=0

S_READY
requestOut=0

angleReady=1

S_BUSY
requestOut=0

angleReady=1

IsAngleNew

&&

isOutofFrame ~angleRequest

angleRequest

S_WAITING
angleRequest=1

S_PROCESSING
angleRequest=0

angleReady

Done

[7:0] rotX

[7:0] rotY
angleReadyangleRequest

[6:0] address

[10:0] X

[9:0] Y

To Point 
Sprites

requestOut

[15:0] rotX_in

[15:0] rotY_in

From / to
Virtual Cam 
Controller

ANGLE GRABBER

PERSPECTIVE TRANSFORMER

Figure 10: State diagram of Angle Grabber and Perspective Transformer as well as relevant
connections.
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Point Sprite (pointSprite.v) Each Point Sprite is responsible for generating 4 pixels on

the screen at the (x, y) coordinate of the associated polyhedron point. The mechanics behind

the pixel generation works similarly to that of the blob sprites in Lab 3, in that pixels turn

on and o↵ depending on the value of hcount and vcount. However, in our implementation,

each Point Sprite has its own registers to keep track of its coordinates. The new coordinates

are written as the Perspective Transformer is computing them when hcount and vcount are

o↵-screen.

After experimenting with several hard-coded polyhedra, we realized the FPGA can handle

approximately 100 points before the 2D projection starts appearing glitchy. The glitchiness

appears because the propagation delay of the pixel generation logic for all the points exceeds

one clock cycle. And so at this point, we would need to pipeline the pixel generating mech-

anism within each Point Sprite. Since we’re using Point Sprites to represent both edges and

vertices, we end up using 44 Point Sprites to represent a cube in our implementation. Thus,

to scale our implementation for more complex polyhedra, it would be better to instead make

each sprite a line, each containing a pipelined pixel generating mechanism.

Before synthesizing onto the FPGA labkit, a testjig was created and run on Modelsim

to ensure that the control signals generated between Angle Grabber and Perspective Trans-

former were appropriate in response to incoming angle changes. Figure 11 and Figure 12

show results from running the testjig.

Figure 11: Simulation of 3D Renderer communication signals in response to rotational angle
changes.

Figure 12: Close-up version of Figure 11 to reveal updates in projection coordinates.

In the test jigs, request corresponds to the angle request coming from Perspective

Transform. Also note that rotX and rotY are 4 bits wide instead of 8, since at the time
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of testing sine and cosine were being granulated to 16 angles (22.5 degrees) instead of 256

(1.4 degrees). Figure 12 shows the projection coordinates being updated. To verify the

projection, we printed out the coordinates corresponding to rotX = 4’h2 and rotY = 4’h2

(both 45 degrees) and plotted them using matplotlib. The result is shown in Figure 13.

Figure 13: Verification of the updated coordinates shown in Figure 12.

2.2.6 VGA Controller (vgaController.v) – Andrew

The VGA controller module is responsible for providing a constant feed of either the anaglyph-

filtered image we are capturing or a wire-frame rendering of a polyhedron as seen from a

virtual camera position. Thus, depending on the user-selected mode, the VGA controller

sends either anaglyph frames from the front bu↵er ZBT or displays the pixels associated

with each Point Sprite of the hard-coded polyhedron.

VGA Signals (vgaSignal.v) In gestural interaction mode, the VGA controller routes

hcount and vcount signals into the Point Sprites, from which each Point Sprite determines

whether or not to display a pixel at a given hcount, vcount and sends its decision through

the wire pixelOn. The VGA controller then takes a logical OR of every pixelOn to determine

whether or not to display a white pixel at hcount, vcount.

ZBT to VGA (zbt2vga.v) In anaglyph mode, the VGA controller interfaces with the

ZBT controller to read out frames. We note that ZBT has 2 cycles of read (and write)

latency. We handle this by latching the data at an appropriate time using a modified version

of the vram display module provided for us.
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3 Summary

To test our modules we created test benches for every critical modules and simulated their

functionality in ModelSim. When more parts of the system became functional, we synthe-

sized our modules on the labkit and manually tested the system.

The memory controller was tested in ModelSim, and it generated the proper control

signals for accessing the SRAM under varying operating conditions. The module was tested

with sequential writes from the frame grabber, with no requests to the module to test the

functionality of the bu↵er flipper, and with simulated read requests from the VGA renderer.

The same test bench was synthesized in hardware and a logic analyzer was used to verify both

ZBT control lines. However, the back bu↵er ZBT data line did not behave as expected – a

static address would receive varying data from the memory. This was likely caused by timing

violations or mismanagement of the tri-state bus and prevented the proper functionality of

the memory controller.

The 3D Renderer was tested in ModelSim and appropriate control signals were observed

for communication with the Virtual Camera Controller as well as communication between

Angle Grabber and Perspective Transformer. The outputted coordinates of the Perspective

Transformer were plotted using matplotlib to verify the implementation of the perspective

transformation. From here, we proceeded to synthesize the 3D Renderer to output 2D

projections of a cube and cylinder rotated at angles specified by switches on the FPGA

labkit. Once the projections were verified, we went on to test the interfacing between 3D

Renderer and Virtual Camera Controller.

To do this, we created fake camera data, which was a square visible on each camera

frame, similar to the blob module in Lab 3. We also attached two NES controllers to the

labkit to allow us to manipulate the blobs to see how they a↵ect the rotational velocity of

a spinning cube. Our test, which can be found in main.v below, consists of the spinning

cube overlayed with the fake camera frames turned sideways. This test turned out to be

successful.

However, we could not get our system to communicate with the NES controllers, even

though our NES controller module was tested beforehand. When we tried other input meth-

ods, such as the buttons on the labkit, the camera location did not properly update.
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