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Abstract

I present a distributed display architecture that integrates with a set of asynchronous
mechanically and electrically re-configurable computing nodes, otherwise known as
Discrete Integrated Circuit Electronics (DICE). Each singular display is physically
and electrically connected to a DICE node which transmits useful data to be dis-
played. By integrating these displays with the DICE nodes, a multitude of appli-
cations are enabled, starting with real-time data visualization and debugging, and
going on up to more complex applications, such as locally computed ray tracing and
graphics rendering, as well as structural and volumetric displays. The advantages
and implementation of the displays into the DICE architecture, as well as various ex-
amples of their applications are demonstrated and discussed. While the DICE nodes
themselves address issues with locality in computing, these integrated distributed
displays will help them overcome some of their limitations and enhance their capa-
bilities. Together, these integrated devices and their scalability can lead to iterative
improvements to graphical processing, form into spatial 2D grid (structural) and 3D
mesh (volumetric) displays, and overall reduce the cost and complexity of distributed
display and computing systems.
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Chapter 1

Introduction

The Discrete Integrated Circuit Electronics (DICE) project is an effort by the MIT
Center for Bits and Atoms to create an alternative computing architecture that is
comprised of a series of interconnected "nodes" that are discretely assembled to per-
form a wide variety of parallel computational tasks [12]. Rather than the traditional
definition of the point where two wires connect together, the word "node" here means
a singular, self-contained device capable of performing computations, but with the
capability of communicating its results and other data to other nodes. The work of
this thesis is to take this new architecture and enhance it by integrating a set of dis-
tributed displays, enabling real-time debugging and data visualization, along with the
plethora of applications opened up by these additions. The merits of these integrated
displays and the issues that they overcome will be discussed, but first, the motivation

and history behind the DICE project will be explained.

1.1 Background

Modern computational architectures have various limitations, such as minimum fea-
ture size, tunneling effects, and the ongoing pursuit of mastery over quantum effects.
Advances in the industry have been able to avoid some of these limitations by focus-
ing on refining other aspects and features. For example, with the focus on shrinking

integrated circuit components according to Moore’s Law, the complexity of comput-
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ing devices has increased while the size or cost have either decreased or stayed the
same. However, as technology approaches the limits of what is currently possible, it’s
not exactly clear which direction new advances can even take.

One of these limitations, which has been largely avoided by focusing on shrinking
component size, comes in the form of how fast data can travel. Light can travel
approximately one foot in a single nanosecond. Considering that up to gigahertz
clock rates are often used in modern processors, that doesn’t give a signal much time
to access the appropriate memory cache and complete its assigned tasks. As the size
of a circuit increases, the likelihood of being able to access a certain cell of memory
anywhere on the device within a given clock cycle deteriorates. This can especially
be seen in large super-computing centers. Because of the physical distance between
different servers, quite complex routing and networking is required to ensure that
each unit has access to the appropriate memory lines.

The above example, along with the rest of current common architectures, high-
lights a flaw that has largely gone under the radar: dependence on being able to
access the same global memory from anywhere within a system. Because of develop-
ments according to Moore’s Law, the distance between components within a circuit
have decreased fairly proportionally to the increase in the complexity of the systems.
Therefore, that physical limit of two components being too far apart to communicate
within the clock cycle has been skirted. Thinking more in depth about this, though,
causes one to question the necessity of this dependence on a global memory, which
is present even among most modern architectures. While we haven’t had to worry
about running into this limitation, achieving even smaller feature sizes is becoming
increasingly difficult and perhaps there isn’t much more room to grow (or rather,

shrink) down this current path. [25]

1.2 Locality

Over the years, various scholars have called into question this dependence on a global

memory line and have sought to come up with architectures that bypass the need for
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such universal access. Imagine if instead of one large system with different specialized
areas that all needed to be in communication with one another, there were multiple
instances of the same computing structure that were self-contained but could com-
municate with its closest neighbor. This method brings up the idea of "locality" in
computing. If a single unit is able to handle computations at a local level, then share
its results only with units that need them, not only does it remove the need for a
global memory shared between every single unit, but it also means that the system

can be scaled to meet the needs of the application.

One very notable example of this is the CAM-8 computer architecture [20] intro-
duced in the early 1990s. This system’s architecture is based on cellular automata,
which essentially means that the system is made up of multiple smaller structures
that tessellate together both physically and computationally to form one larger, more
complex, system. Such a model was particularly useful for a handful of specific appli-
cations, most notably of gas particle simulations. Each physical "cell" is responsible
for computations within the same area that it represents spatially. Just as gas parti-
cles interact with each other locally, each cell simulates the interactions locally, then
shares information only with neighboring cells to which the effects of the particles
"cross over" to effect them. As each cell runs its local computations, they all come
together to form one larger environment that is capable of many feats that aren’t as

possible or are less efficient when using traditional computing architectures.

An iteration that evolved from this concept was that of a "paintable" computer,
[6] which is essentially the idea of filling a sort of paint-like substance with hundreds
of tiny and independent microprocessors. These "computing particles" are randomly
distributed throughout the paint and are capable of asynchronous computations and
local communication. This mixture can then be "painted" onto a substrate, forming
the computer’s structure according to the topology of the surface. The computing
particles can distribute computational tasks to process in parallel, then report their
results to their nearest neighbors, summing into a finalized calculation or completed

overall computational task.

In a similar sense, there have been a variety of implementations of systems where
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multiple computational or sensing devices are connected together to make compu-
tational substrates. One example of this is the Chainmail project, where a series
of circuit boards with embedded processors and arrays of sensors are all connected
together using conductive, but flexible materials to create a flexible skin. [21] A
more recent example of this idea that evolved into full on textiles can be found in
the Electronic Textile Gaia project, which draws upon the rich history of computa-
tional substrates to create a system that implements smart textiles at large breadth
of scales. [26] Both of these examples implement structures that work independently

in parallel, then share the data throughout for computational or sensing tasks.

While these are all very specific implementations of this concept, there is a large
history of other work in this field, sometimes referred to as processor-in-memory.
These systems work to maximize the efficiency of memory bandwidth by combin-
ing the processor and memory instead of keeping them separate like in traditional
computational architectures. There have been various successful implementations of
these systems, such as Computational RAM, which competes in cost and performance
with traditional DRAM, [9] as well as the Terasys prototype, which was capable of
supercomputer performance at a fraction of the cost. [13] One more successful im-
plementation is Gilgamesh, which uses a "massively parallel architecture" to achieve

up to petaflops of computing performance. [23]

Finally, like all these examples, the Discrete Integrated Circuit Electronics (DICE)
project [12], which this work is based upon, completely challenges the idea of hav-
ing one global clock cycle orchestrating all of the computational tasks. This comes
in the form of a set of asynchronous, mechanically and electrically re-configurable
computing nodes that are only capable of sending data to and receiving data from
their immediate neighbors. By embracing locality in the computations at its founda-
tion, this architecture handles each task by breaking it up into smaller and localized
chunks, then bringing it all together for a final result. This system can easily be
scaled simply by adding more nodes. In their current form, however, their are some
limitations to their effectiveness in developing intriguing applications that need to be

addressed. This work focuses on overcoming one of those major obstacles: the need
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for visualization within the applications.

1.3 Need for Visualization

While much work has been put into validating and optimizing these nodes and how
they communicate, there is still a big drawback within the current implementation
of DICE: the lack of visualization of the performance/computations of each node.
It is possible to view the data post-computation by porting it out through added
signal lines in the system, but it isn’t possible to see it in real time. This makes
troubleshooting the system difficult, as well as makes it near impossible to visualize
any meaningful data until after the simulation is complete, which misses out on
perhaps the most interesting and useful portions of certain applications.

The work presented in this thesis is integrating into the system a series of dis-
tributed displays at an individual node level, enabling the real time visualization of
node data. Using commercial off the shelf displays and connecting them to the already
established system, the data is sent to and shown on the displays, enabling real time
visualization and debugging of the nodes themselves. On top of these simple func-
tions, these distributed displays provide even more potential applications, a couple
of which are explored in depth in this thesis, such as particle simulations and locally
computed ray tracing in graphics rendering. The performance of this system versus
other commercially available graphics-focused processors is then discussed, showing
both the benefits and drawbacks of this system.

The DICE architecture already helps in solving the issue presented by modern
computing architectures in being overdependent on having access to a global mem-
ory, but by adding these displays to the system, a wide variety of applications are
enabled to be explored in the future. With all of the many local computations and
visualizations happening in parallel, the nodes can effectively share the load and fun-
damentally change the way we approach computing. This thesis shows the first steps
in that direction, providing concrete examples, as well as theoretical applications to

be implemented, explored, and evaluated in the future.
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1.4 Distributed Displays

As the main tangible addition to the project that this work brings about, it is neces-
sary to mention current advances in distributed display technology and applications.
Distributed displays, in their most basic state, are "computer systems that present
output to more than one physical display." [17] Most often, they are seen as large,
tiled displays in public spaces or even in TV studios, usually breaking down one
source into a separate stream for each display, which combine together to make one
large displayed version of the original source. This is typically done by using some
sort of software to take the signal, cut it up visually and map it out to the various
displays, then send all that data to some hardware that then multiplexes the signals
out to each of the appropriate displays. Some use cases that have been further ex-
plored is using such displays to be used in offices and conference rooms or similar
types of environments. [16] These use cases, as well as others, have typically been
approached by researchers implementing their own distributed graphics systems us-
ing various computers and other devices networked together to render their displays,

even making their process and algorithms scalable for larger displays. [16, 15]

Many of these systems still run into issues, though, especially when dealing with
extremely large data sets to process through to render the displays. Often times, they
must utilize high-performance computing (HPC) centers to handle the complex data,
which takes time and doesn’t allow for easily implemented real-time systems. Some
have used real-time graphics accelerators, such as those found in supercomputers and
gaming consoles, to try to overcome this problem. [10, 19] While a viable solution,
the dependence on various external hardware can get messy, and interfacing with it

all can be an even bigger problem.

While many modern implementations of distributed displays go big, the imple-
mentation with the DICE system will be at a much smaller form factor to match the
size of the DICE nodes they will be integrating with. The reason for this is so that
the software applications implemented within the hardware can align, especially in

applications where the physical node represents the spatial computational volume it
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is representing. Many of the same traits found between this system and others are
still present, however, such as ability to be tiled and scaled, and general approach to
distributing the computation and rendering among the different displays. By utiliz-
ing the DICE architecture for computation, the efficiency of the parallel processing
should simplify and help overcome the limitations faced by typical distributed display

systems.

1.5 Contributions

The contributions that this work has added are as follows: 1) a simple hardware/firmware
integration process between the DICE nodes and the displays, 2) a basic framework
for visualizing data and debugging information from the nodes to the displays, 3)
demonstrable examples of various visualized applications, and 4) a proposed method
of computing ray tracing algorithms locally within each node and displaying the sub-
sequent results, as well as performance projections for how this method compares to
commercially available components at its current state and in future scaled up ver-
sions of this project. While there is still much to be explored on the topic, hopefully
these contributions will help continue down the path to discovering more efficient

display and computational systems.
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Chapter 2

Hardware Integration

2.1 DICE Design

Before diving into how the displays are integrated into the system, a description of the
existing DICE hardware is necessary. DICE has evolved as a project, having various
iterations depending on the specific application/size constraints. Static-DICE is a set
of nodes that are connected in four directions, all on a single PCB. Tiny-DICE is a
set of modular nodes made using the smallest commercially available connectors that
tessellate in a tetrahedral configuration. Finally, Meso-DICE, which this work builds
on, is also a set of modular nodes and strut pieces to connect them, but made at a
larger scale, designed to be easily programmed and assembled. The three iterations

of the DICE project can be seen in Figure 2-1.

S

A

Figure 2-1: Current iterations of the DICE project. Left: Static-DICE; Middle:
Tiny-DICE; Right: Meso-DICE. Images courtesy of Zach Fredin.

Each of these iterations of the DICE project are created with the purpose of im-
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plementing a distributed computing architecture, with the function of breaking down
any computing task into a parallelized one on the discrete hardware. They excel in
certain applications that benefit from parallel computations, many of which are dis-
cussed in this work, but are meant as an all-purpose prototype to eventually become
an alternative for modern computing structures. One huge benefit of this discretized
architecture is the ability to align the software and hardware together. As the com-
putations are parallelized, the nodes can better spatially represent what is being
conducted within the software, which is especially true in specific applications. The
processors embedded within each node depend on the scale and desired performance
of each of the iterations, as do the interconnect design. Because this work focuses on
the Meso-DICE iteration, a deeper explanation of Static-DICE and Tiny-DICE are

not included here.

Meso-DICE consists of three main components: node, strut, and build plate (see
Figure 2-2). The heart of each node is a SAMD51 microcontroller from Microchip,
which is wired to a custom-made PCB that routes power, ground, and the various
pins required for communication with the nearest neighboring node in each direction:
north, west, south, east, top, and bottom. The bottom of the nodes have contact
pads on all four sides and the top of the nodes have spring-pin connectors to press
up on the aforementioned pads. These PCBs then have milled delrin and 3D printed
PLA parts slotted into them, with the PLA pieces heat staked to secure everything in
place. These pieces allow proper spacing and latching capabilities in order to connect
with other components. The struts also have custom-made PCBs that simply have
spring-pin connectors on top, contact pads on bottom, and several wires to route
signals between the two sides of the strut to connect two individual nodes together.
More delrin and PLA parts are assembled and heat-staked to the PCB to complete
the strut. Finally, the build plate is required to have a solid base for the nodes and
struts to stack on, and also delivers power to the nodes. Connectors utilizing strut
components are fastened to the build plate PCB through heat staking in between
the empty spaces left for nodes, and the whole structure is bolted to a larger block

of milled plastic for stability. Power is routed to the nodes through a simple screw-
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terminal power block, which is easily connected to a power supply.

Figure 2-2: Meso-DICE components. Left: nodes; Middle: struts; Right: build plate

The specific build plate used for testing this project had some additional capa-
bilities built into it, chief among them being an added section for an FPGA to be
soldered to, which would then be routed to each of the nodes so that it can read the
data that is being passed between nodes. This functionality has proven beneficial in
other aspects of the project overall, but is not put in use for the work at hand, and
will therefore not be utilized.

To program the nodes, a specialized programming stand was created by adding
spring pins, spacing rods, and a 3D printed platform to a custom-made microcontroller
PCB. Each node has a specific pattern of contact pads on the bottom that only line up
in a specific orientation (the "top" of a node is the side with the white strip, and the
"top" of the programmer is the side with the notch in it). By pressing a node onto
the stand in the correct orientation, it can then be programmed. This specialized
stand was specifically created with robotic assembly of nodes and struts in mind.
End effectors on the robot arm can grasp a node, move it to the programming stand,
press down and program, then move it to the build plate and press it in place. The
programming stand can be seen in Figure 2-3.

As mentioned before, each Meso-DICE node has connection pads that carry vari-
ous signals throughout each node and in between nodes. A simplified representation
of these sets of pads is included in Figure 2-4 and Tables 2.1 and 2.2. When any given
set of pads on the top side a node is oriented upwards, you can see that the footprint

is the same no matter the direction. On the bottom side of the nodes, this footprint
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Figure 2-3: Meso-DICE node programming stand. Left: inactive; Right: program-
ming a node

is mirrored so that signals can be ported easily from the top side to the bottom side
through vias in the PCB. So, while the symmetry makes signal routing and tiling
nodes together much easier, it can still be confusing to figure out exactly where each

signal line can be accessed.

Figure 2-4: Meso-DICE node pinout diagram. Left: top side of node; Middle: zoomed
in view of sets of both top and bottom node pads; Right: bottom side of node. Note
that the pads and corresponding pin numbers appear mirrored to help demonstrate
the connection between top and bottom pads. Meso-DICE node schematic designs
courtesy of Zach Fredin.

As was mentioned previously, Meso-DICE was envisioned as an iteration of the
DICE project that could be designed for end-to-end demonstrations of robotic assem-
bly and programming [12]. Issues with the other iterations of the project included the

lack of reconfigurability with Static-DICE and consistent failures of connector pieces
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Pin East North West South

1 | GND GND GND GND

2 | SIG_EAST | TX NORTH TX WEST SIG SOUTH

3 | XCK_EAST | RX NORTH RX WEST XCK_SOUTH

4 | TX _TOP TX TOP XCK_TOP XCK_TOP

5 | RX_TOP RX TOP SIG_TOP SIG_TOP

6 | TX EAST XCK_NORTH | XCK_WEST | TX SOUTH

7 | RX _EAST SIG NORTH | SIG WEST | RX SOUTH

8 | +3V3 +3V3 +3V3 +3V3

Table 2.1: Meso-DICE node pinout (top of node).
Pin East North West South

1 | GND GND GND GND
2 | SIG_EAST TX NORTH TX WEST SIG _SOUTH
3 | XCK_ EAST RX NORTH RX WEST XCK SOUTH
4 | RX_BOTTOM | RX BOTTOM | XCK_BOTTOM | XCK_BOTTOM
5 | TX BOTTOM | TX BOTTOM | SIG_BOTTOM | SIG_BOTTOM
6 | TX EAST XCK_NORTH | XCK_WEST TX SOUTH
7 | RX_EAST SIG_NORTH SIG_ WEST RX SOUTH
8 | +3V3 +3V3 +3V3 +3V3

Table 2.2: Meso-DICE node pinout (bottom of node).

with Tiny-DICE. Meso-DICE appears to get the best of both of those iterations, while
minimizing the flaws of each, to make it a viable path to continue on. For the idea of
integrating displays in particular, however, the nodes are in the correct size domain

to easily attach a single display to each node (or at least each node on the top layer).

At this time, it is important to recognize those responsible for the DICE project’s
current implementation and design. Zach Fredin, a current Master’s student and re-
searcher at the Center for Bits and Atoms, is primarily responsible for the design and
fabrication of all Meso-DICE hardware, including programming and testing equip-
ment. For more information on the development of the different DICE iterations, it
will be published in his thesis, being written alongside this one. [11] Erik Strand,
a current PhD student and researcher at the Center for Bits and Atoms, is primar-
ily responsible for the code and development platform used to run and program the
DICE nodes, including many of the applications discussed in this work. Examples of

the first applications developed for and run on DICE hardware can be found in his
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Master’s thesis. [24] Now, with the design of Meso-DICE sufficiently explained, it is

time to go over the displays and how they’re integrated.

2.2 Display Integration

The display used for this project is a commercially available TFT LCD display, specif-
ically the Adafruit 1.8" Color TFT LCD display with the ST7735R TFT driver. [1]
The microcontroller used to control the display and interface with the DICE nodes
is the Adafruit Feather M4 Express. [2] This combination was selected for a cou-
ple of reasons, including ease of programming, relative size, availability, and the fact
that the Feather M4 uses the same ATSAMDA51 chip that is contained in each of the
DICE nodes. In all honesty, however, the exact display and microcontroller are fairly
trivial components of the project as a whole. The goal with connecting the display
to the Meso-DICE nodes was straightforward, so there was no need to reinvent the
wheel there. To be thorough, however, the connections between the TFT display and

the Feather M4 are listed in Table 2.3. Also, the connected devices are shown in

Figure 2-5.
TFT Display | Feather M4
LITE 3V
MISO MI
SCK SCK
MOSI MO
TFT CS 5
CARD CS N/A
D/C 6
RESET 9
VCC 3V
GND GND

Table 2.3: TFT display to Feather M4 connection guide.

The display itself is programmed through the Arduino IDE. After installing the
correct libraries to handle both the Feather M4 and the display itself, it is quite easy to
control. Utilizing the Adafruit GFX graphics library, as well as the Adafruit ST7735

display driver library, manipulating pixels and drawing shapes in various colors is
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Figure 2-5: TFT display connected to the Feather M4 running some test display code.

very straightforward. Again, the wheel isn’t being reinvented, so further explanation
here is not necessary.

Connecting the display to the Meso-DICE nodes, on the other hand, requires some
specialized hardware due to the self-contained nature of the DICE nodes and struts.
A special header pin strut was fabricated specifically for this purpose. The typical
PCB board used for all other struts was taken and epoxied to an electrical protoboard
with wires connecting the PCB pad connections to the header pins soldered to the
protoboard. This header pin strut can then be placed in the location of any other top
layer strut in the structure. The contact pads on the bottom allow data to still be
sent from one node to another, while also routing those signals up to the header pins,
which allows that data to now be accessed by a simple jumper cable. This header pin
strut is then connected to the RX pin of the Feather M4 to begin transmitting data
that will be interpreted and translated to pixels on the display. This pin header strut

and its subsequent pinout diagram can be found in Figure 2-6 and Table 2.4.

2.3 Sending Data

The way DICE nodes transmit and receive data between themselves is by utilizing

a token passing scheme specifically created for this architecture. There are various
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Figure 2-6: Pin header strut mounted between two Meso-DICE nodes used for signal
interrogation by oscilloscope and to connect to the display.

Pin Pin Signal
(Strut) | (DICE) (DICE)
21 1 GND
20 2 SIG or TX
19 3 XCK or RX
18 8 +3V3
17 7 RX or SIG
16 6 TX or XCK

Table 2.4: Pin header strut pinout with corresponding Meso-DICE node signals.

handshakes that occur, as well as the attaching and detaching of buffers to properly
manage the data passing back and forth. At first, the idea was to implement this same
token passing scheme between the display’s microcontroller and the DICE nodes.
However, a simpler solution was to just use the Feather M4’s serial line to receive

specific data directly from the nodes.

By matching the baud rates between the nodes and display, the display’s micro-
controller can properly read data that is received from the nodes, then according to
the application, determine how to translate that into what to show on the display.
Testing was conducted to ensure that the appropriate data was being sent out by the
nodes and properly read into the displays. For example, Figure 2-7 shows a test bit
pattern being sent out from a DICE node, which was then matched with the same

bit pattern being sent out from the Feather.
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Figure 2-7: Zoomed in oscilloscope reading showing proper bit pattern being sent
from node at proper frequency.

Because the data transmissions aren’t happening using the same token passing
scheme that the nodes typically use, we do have to use specialized code for the top
layer nodes that are connected to the displays. However, depending on the applica-
tion, the nodes don’t transmit all of the information that would be required by the
displays amongst themselves anyway, so specific top layer node code would still need
to be written. Therefore, bypassing the token passing scheme for this simpler serial

communication doesn’t throw things off too much.

A secondary strut to intercept data from the nodes to be sent to the display
was also created. By simply using some very fine 34 AWG magnet wire soldered
directly to one end of a jumper cable and the pad of a strut with one set of Molex
connectors removed, a solid connection was established. This secondary testing strut,
as pictured in Figure 2-8 was used only for tests which required more than one display
to be connected at a time. While it is definitely not as robust as the original pin
header strut, it had the benefit of being connected to the TX TOP data line, which
allows the node that data is being pulled from to still have access to its surrounding
neighbors. Node data needs to be properly formatted and directly sent to the pin
connected to the display. If typical token passing data is sent over that line to another
node, the Feather will attempt to read that data and display something according to

those values. Because data between nodes doesn’t necessarily contain all the pertinent
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information being stored in a particular node, the Feather must opt to be sent data
packaged specifically for it to interpret, rather than the smaller amounts of data being

transferred.

Figure 2-8: Secondary testing strut with access to TX TOP signal line.

2.4 Packaging

Ideally, everything needed for the display could nicely fit into the same approximate
volume of a Meso-DICE node and be easily connected as a top layer of the structure
itself. At its current state, however, attention and efforts have been focused on de-
termining the capabilities and unique applications that are enabled by these displays
within the DICE architecture, so this ideal packaging has yet to be achieved. More
work needs to be conducted to determine the best displays and microcontrollers to in-
terface them with, fabricate Meso-DICE sized and shaped "display node" connectors
with the appropriate data lines routed, and design the proper physical components
needed to hold it all in place and look pleasing. This is definitely an area that needs

to be explored further in the future.
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Chapter 3

DICE Debugging and Data

Visualization

3.1 Debugging

With the displays now connected to the DICE nodes, they can now be utilized to
debug the computations being performed by the nodes. Much like print statements
are used to debug code that is run on a computer with an attached monitor, the
displays can be connected to any given node and have the data or any other useful
information printed on the display. The nodes can either be programmed to send
certain parts of the computation to the display to verify that it’s working at that
point in the code, or the display can intercept the data as it’s being passed between
one node to the other to get a sense of the interaction between the nodes (this sounds
contradictory to what was stated in the last chapter, but for debugging, the specific
data being passed might be of more interest than anything else).

Up until this point, there were only two ways to attempt to troubleshoot or debug
code run on the DICE nodes. One way is to run the code on a simulated version
of the DICE nodes. By running this code on a laptop or desktop computer, the
simulation could then print out or display any useful debugging information required
on the screen. This method is extremely useful in that it doesn’t require any physical

hardware to develop and test the code. However, there are some obvious limitations.
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If the simulation isn’t a perfect replication of the hardware, there’s no guarantee that
the code will work just as well on the hardware as it does in simulation. Sometimes
there is a fault in the actual hardware that doesn’t correspond to what the simulation
does, so it is impossible to diagnose that problem when you don’t know it even exists.
By using the displays to debug the code, they can be used as a diagnostic tool to
determine if there is a problem with the physical hardware or pinpoint the exact
location in the code that is causing issues when run on the hardware.

The other method that has been used in debugging is logging all of the data
exchanges that take place by using a connected FPGA to pull the data out of or
being exchanged between each node. That data log can then be parsed for any errors
and when they were encountered. The big issue with this method is that it isn’t done
in real-time. The data has to be parsed after the computations are completed. Errors
can still be located, but not without parsing through all of the data in the whole
system. Using the displays can help to see the error when it occurs and subsequently
iron out that bug. Seeing it in real-time helps you know which part of the code to
look at and having the display physically connected helps you even more to know
which node is causing the issue.

While these other methods do have their merits and are being improved upon, the
displays provide an excellent additional tool to debug any sort of code being developed
for the DICE platform. They are easy to use and can show a wide variety of useful
information customized to the specific needs of the application. The displays are sure

to increase efficiency and ease of future development.

3.2 Data Visualization

A primary motivation of the DICE project was the various applications that it can
adapt to. Some of these applications include particle simulations, machine learning,
and graphics rendering. [12] Some of these applications will be explored in greater
detail later on, but to illustrate the variety of use cases for these nodes and their

displays, a few smaller examples will be noted here.
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One concept for machine learning applications within the DICE framework is that
each node represents the different input, output, and hidden layers and neurons of
the system. As the nodes make their respective computations and exchange their
results between each other, there is a chance that the specific structure of the neural
network isn’t as effective as it could be, and could require a rearrangement. Because
of the modularity and robotic assembly capabilities of the structure, the nodes could
be rearranged automatically and continue in the machine learning process. An idea
for visualization can be easily understood by imagining that the system is learning
to identify different handwritten letters or numbers. The input, in this case a specific
handwritten letter or number, could be shown, as well as the paths of the intercon-
nections between the different neurons and layers, and finally, the letter or number
that the system has identified at the end. Being able to physically see the entire net-
work working, almost appearing as to be living and breathing, is sure to add better
insights and understanding to how the network is performing, as well as how it can

be improved.

Another simpler application is that of parallel computing. In one instance of this,
the DICE nodes work together to perform a simple calculation of pi. FEach node
is given a specific section of the calculation to perform and upon completion of its
portion, it sends its results along the chain until finally terminating at the final node
that sums each portion up to determine the final result. A display can be attached
to the final node in order to see the final result, or it could be connected anywhere
along the chain in order to see the information being cascaded down the line. The

DICE implementation of this calculation was developed by Erik Strand.

The above example was actually put into practice as a demonstration of the vi-
sualization and debugging capabilities of the DICE display hardware. In this test,
multiple chains of nodes, starting with 2 and going up until 12, were assembled and
connected. As the calculation moved up and down the line of nodes, the final result
was sent to the display. This demonstration and its results are shown in Figures 3-1
and 3-2 and Table 3.1. The differences in the received values for each test show that

with the increasing number of nodes, the precision of the answer increases, as well.

31



While what is displayed isn’t necessarily the most exciting thing to look at, it does
show how simple it is to connect the display and read out data being processed within
the nodes. The time it took for each calculation to complete was also measured. As
can be seen, the addition of each node increases the amount of time it takes to com-
plete the computation fairly linearly. Every single node is still doing the same amount
of operations as the last, so the total number of operations scales proportionally with

the number of nodes.

Figure 3-1: Pi is calculated across two nodes with the final result sent to and shown
on the display.

In terms of graphics rendering, there are many different ways to visualize the
relevant information. One idea is to have the displays render cross-sectional views of
an object according to the different layers of physical nodes that represent the different
spatial layers of the simulated object. Another more abstract idea is to have multiple
surface layers of displays assembled together to act as faces of a cube so that each
face of displays would be able to show a rendered object from its respective direction.
A deeper look into a specific graphics rendering technique will be explored in the

next chapter. Also, while more advanced displays would be required to give a true

32



Figure 3-2: Pi is calculated across eight nodes with the final result sent to and shown

on the display.

# of
Nodes

Pi Calculation
Result

Time
Elapsed (s)

— = =
DS ©Ww-o ok Wi

3.1415827274
3.1415860653
3.1415877342
3.1415886879
3.1415894032
3.1415898800
3.1415901184
3.1415903568
3.1415905952
3.1415908337
3.1415910721

1.1
1.3
1.5
1.7
1.9
2.2
24
2.6
2.8
3.1
3.4

Table 3.1: Pi calculation test results with varying number of nodes.

three-dimensional effect, the parallel computing power of the nodes could fairly easily

compute different volumetric and holographic data that could then be showcased on

a given face or multiple faces of a display structure.

These, along with all of the other countless applications that have yet to be ex-

plored, demonstrate the wide variety of new capabilities that not only the DICE
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nodes themselves enable, but also the integrated displays. As this project is still so
recent, more development of DICE applications will be needed in order to continue
maximizing these capabilities. It is hoped that others will see the usefulness of this
technology and desire to develop and test their own applications and subsequent vi-
sualizations using the platform. While the exact effectiveness and value that these
displays add will be quantified and discussed later, it is apparent that this could be

the foundation for a whole new way to approach computing and visualization.

3.3 Code Example

Revisiting the pi calculation example, a specific adaptation that is needed within the
code should be discussed. While the specific method used may seem simple, it proved
to be quite the non-trivial development in getting both hardware devices (node and
display) communicating properly with each other. Within the DICE code, there is an
object called "token payload" that stores that individual node’s calculated pi value,
summed with what was shared with it from the next node in the chain. This value’s
type is a float, but the DICE hardware was developed to transmit uint32 t type
data. A simple data conversion here isn’t possible due to rounding errors causing
a complete loss of precision. Therefore, the "reinterpret cast" function is utilized
with a combination of pointers and pointer addresses to preserve the data for the
transmission. The data is then sent over one of the node’s TX lines to the Feather

for processing. This whole process can be seen in the following code snippet:

// Prepare the data that will be sent
float pi_actual = 3.1415926536;

float pi_result = token_payload->pil[index];

// Convert it to a uint32_t to send

uint32_t displayData[2];

displayDatal[0] = *reinterpret_cast<uint32_t*>(&pi_actual);

displayDatal[l] = *reinterpret_cast<uint32_t*>(&pi_result);
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// Send both values over the TX_NORTH line

tx_north(displayData, 2);

On the receiving end, there is a bit of work to receive the entirety of the uint32 t
data, in the form of reading in each byte individually and then concatenating it
all together. However, once it is received and processed correctly, it can then be
converted back into a float using the same "reinterpret cast" function, but replacing
the variable type specified. Some tricks are then implemented to erase the previous

value from the display before finally printing the received value to the display.

// Make sure the whole data packet is available
if (Seriall.available() >= 4) {

// Read in the data one byte at a time

byte byte0 = Seriall.read();

byte bytel = Seriall.read();

byte byte2 = Seriall.read();

byte byte3 = Seriall.read();

// Combine the bytes into the whole uint32_t data

uint32_t incomingData = (byte3 << 24) | (byte2 << 16) |
(bytel << 8) | (byte0);

// Convert the uint32_t data into a float

float piData = *reinterpret_cast<float*>(&incomingData) ;

// Erase the previous result from the display
tft.setCursor(0, 0);
tft.setTextColor (ST77XX_BLACK) ;

tft.println(prevData, DEC);
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// Print the new result to the display
tft.setCursor(0, 0);
tft.setTextColor (ST77XX_WHITE) ;

tft.println(piData, DEC);

// Update the prevData value (same type as piData)
// Note: prevData is initialized outside of this function

prevData = piData;

Note that in this example, there would be two values being sent over and received,
the actual value of pi and the calculated result. However, only the calculated result
would remain long enough on the display to actually be able to see it. It’s trivial
to implement more code to keep both values visible, but this code snippet is meant
as a simple example of how data can actually be transmitted from node to display.
With that simple demonstration out of the way, we now move on to a more complex

example.
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Chapter 4

Application: Particle Simulation

4.1 Motivation

As the DICE project was inspired by the CAM-8 project, it only seems right to tackle
one of the main issues that system was built for: particle simulations [20]. The way
one particle interacts with another can be pretty straightforward to simulate, but once
you add in hundreds, even thousands of particles into one system, the simulation can
get bogged down pretty easily due to the strain on the computing resources. How-
ever, when applied within the CAM-8 or DICE architectures, the parallel and locally
driven computing processes make such a task much more feasible. From simply de-
termining how a set of gas particles will move about in a given space, to analyzing the
strain experienced by particles in a complex structure under duress, physical particle
simulations can provide a lot of beneficial information before a physical experiment is
conducted. Being able to run such a simulation without needing the pure processing
power of something like a high performance computing center is quite the alluring
prospect.

Rather than just running these simulations and checking the results after the fact,
however, it is much more informative to see the full simulation running in real time.
Without that capability, there is a possibility of missing out on vital information, such
as the exact interactions that happened before a strain-induced fracture occurred, or

to be able to notice an overall trend or pattern that would have been much harder to
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decipher with a more general look at numbers on a page. For all of these reasons, it
is desirable to implement a structure for performing particle simulations within the

DICE display framework.

4.2 Implementation

A simple particle simulation can be construed where each particle has simple interac-
tion forces with each other particle, and the system on a whole can be observed in its
movements. As mentioned before, each DICE node is given a specific region of space
which it is responsible for. Any one particular node will compute the interaction forces
and trajectory for each given particle within its spatial boundaries. When a particle’s
trajectory is headed for a boundary between nodes, the data for that particle is then
sent to that neighboring node, which then assumes responsibility for that particle as
it simply crosses over between nodes and their respective spatial boundaries. If a
particle approaches a boundary without an adjacent node, that boundary is treated
as a wall which the particle will just bounce off of and continue within that region.

A few different versions of this sort of particle simulation have been developed for
use with the DICE architecture, all by Erik Strand. The most robust example of these
is that of a simulated DICE node environment that utilized a grid of virtual nodes,
each running the same general simulation code, then displayed the results of the sim-
ulation on the screen. [24] This simulation successfully proved that the ideas behind
DICE node interaction worked and that the data could be successfully computed at
the individual node level, then passed on to its appropriate neighbors to correctly
model particle behavior. While this particle simulation performs exceptionally well,
it is only virtual, and has not been directly ported to code that will properly run on
the physical DICE nodes. Much of it has been adapted, however, and recent results
show the simulation running properly on a single Meso-DICE node.

It is that current iteration of the developed code that the particle simulation
with display functionality is tested. Using that version of the code to guide the

implementation, a demonstration was created that would run the single-node particle
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simulation and after each step, send the location of each particle to the display, which
would then update continuously to show the movement of the particles. Similar code
adaptations to those presented in the previous chapter in the pi calculation example
are used to pass along the precise location of each particle, as well as to erase and
redraw the particles according to their new positions.

The display is first initialized by drawing a simple bounding box square to rep-
resent the boundaries of the simulation. This can be adapted as needed or desired,
but a simple box of size 100 pixels by 100 pixels seemed appropriate. Then, like the
pi calculation example, the display starts listening for the particle information to be
sent over. Every time that a new set of data is sent over, it reads and interprets the
data, then draws a small point at the particle’s location, mapped to the display size.
This data that is read into the display comes in sets of x- and y-coordinates for each
of the particles and is therefore quite simple to store and parse. The simulation code
is then set on a loop so that the DICE node continuously updates the positions of the
particles according to the velocities of the particles, then sends that positional data
to the display so the simulation visualization can be continuously updated.

While simple, this setup can be used with even more complicated particle sim-
ulations, including when node to node communication is implemented fully on the
hardware. The display code just expects its connected node to update it with par-
ticle positions, and will update the display accordingly. So long as the nodes send
that data over, it doesn’t matter what the interaction forces with other particles,

boundaries, or whatever, the simulation can still be successfully displayed.

4.3 Results

After working through some bugs in the initialization of the display, the first particle
was able to be seen on the display. It moved about fairly slowly (that particular test
particle has a relatively low velocity), but there did not appear to be any glitching
or sudden movements, and the display updated quickly enough for a smooth picture.

As more particles were added to the simulation, the display was able to show each of
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them moving around smoothly, as well. Faster particles appeared fast, slower particles
appeared slow.

In terms of the DICE code, each of the particles appeared to obey the laws of
the interaction forces given to them and to appropriately bounce off of any node
boundaries present. As it was a very basic simulation, no unexpected or erratic
behavior occurred. The code and algorithms run on the DICE node has proven to be
robust, but that is of less interest to this test than the performance of the display.

Rather than seeing strings of numbers continuously updating over the serial mon-
itor (which happened often in the initial development of the node to display code),
it was much easier to determine that the simulation was working in its entirety when
it was fully visualized. Each particle can be easily isolated and tracked. Interactions
between particles and the boundaries could be clearly seen. Figures 4-1, 4-2, and 4-3
show the simulation and subsequent visualization running at various particle counts.
It all was a great showcase of the merits that the display bring to these simulations

overall.

Figure 4-1: Particle simulation being run and visualized on the display with one
particle.
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Figure 4-2: Particle simulation being run and visualized on the display with five
particles.

eV |

Figure 4-3: Particle simulation being run and visualized on the display with ten
particles.
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However, that’s not to say that the visualization was absolutely perfect. The main
area of concern with the performance of the display is the speed at which it’s able
to update, and if that’s fast enough to be a satisfactory visualization. If the node
is calculating faster than the display can receive, interpret, and display data, then
the data won’t be organized properly and is therefore useless for the visualization.
In most applications, there will be many more computational steps for the nodes
to compute than the displays, so sufficient time should be allowed between display
updates.

Unfortunately, this was the case in many of the tests, and the node’s simulation
code needed to be slowed down in order for proper communication and organization
to be maintained. The simulation code already had a function it would call to wait
so many clock cycles before running the loop of updating positions and velocities
again, but that amount of time wasn’t enough depending on how many particles were
present in the simulation.

In fact, to determine the performance of the display in the simulation, a simple
test was conducted to see how big of a delay (how many clock cycles to wait) were
needed in order for the display to reliably keep up with the simulation, all while
varying the number of particles present in the simulation. The results of this test can

be found in Table 4.1.

# of # of Delay
Particles | Clock Cycles | Time (ms)
1 100000 2.083
2 100000 2.083
3 150000 3.125
4 230000 4.792
D 250000 5.208
6 600000 12.500
7 350000 7.292
8 800000 16.667
9 520000 10.833
10 570000 11.875

Table 4.1: Delay time required per particle for display to reliably update all positions
without the data getting unorganized. Delay time based off of DICE node’s 48 MHz
clock cycle.
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As can be seen, as more particles are introduced to the simulation, the more time
the display needs to process all of the positional data and update the display. At
lower particle counts, the delay isn’t very substantial, but that is not the case as
more particles are introduced. While the inherent slow feeling could be attributed
to some of the test particles having relatively low velocities, the delay does become
quite noticeable, regardless of the speed at which the particles are moving. What is
really interesting is the two outliers in the measurements. For every particle count,
the delay time increases slightly (or stays the same in the case of 1 and 2 particles).
However, for a particle count of 6 or 8, the delay time increases substantially. This
trend was validated on more than one node, and is quite puzzling. There doesn’t
seem to be any major differences in the code for those particle particles in terms of
their initial positions and velocities, yet the delay required for them to run properly
is quite erratic. More testing will need to be conducted to figure out what is going

on in those instances.

4.4 Improvements and Variations

The first obvious improvement that needs to occur is increasing the speed at which
the display can operate. This must be done by optimizing the code and improving
any glaring time-consuming functions that cause everything to take so long. More
of the processing of the data could be offloaded to the the nodes themselves, but it
still needs to be converted, sent, converted back, then displayed. More tests would
be required to determine if the display’s microcontroller or the DICE node is faster
at certain tasks in order to determine exactly what needs to be done where. The
whole point was to access data already being stored within the DICE node and make
a compelling visualization out of it. One final more drastic solution would be to
completely revamp how data is shared between node and display. For example, other
communication protocols, such as 12C or SPI could be used, which can be faster than
the UART protocol implemented throughout this work.

For the single-node simulation, all particles are located in the same node’s spatial
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region, and the node has wall boundaries set on all sides. In theory, the multiple-node
simulation could go in one of two directions. Each node can either be responsible for
a specific set of particles to keep track of over the whole simulation, or they can
represent the specific spatial region and keep track of any particles that enter that
region. The latter method makes it easier to scale the simulation, however, so that is

the route that will be taken for the application.

Therefore, next obvious thing to do is to continue developing the code so that
it is capable of fully simulating particles crossing boundaries between nodes using
the necessary node to node communication there. It has been shown to work on
virtual instances, but not yet on the hardware. The display code should still work
by displaying whatever particle position data it is fed, so development would be
more on the DICE side of things. As a quick concept of what such a test could
look like, Figure 4-4 shows two nodes running the simulation next to each other
(but not technically passing data between each other), with two separate displays
visualizing the particles from their respective node. The simulations were started at
different times to show some variety in particle positioning. Also, the green lines of
the boundary boxes are representative of the shared boundary between the nodes.
Again, this is just a concept of what it could look like, especially in terms of scaling

up the simulation, but more work needs to be done.

There are a variety of other more complicated visualizations that can occur, all
possible because of the simplicity of the parallel calculations and data transmissions
between nodes and to the displays. For example, colors can be applied to the various
particles to represent relative velocity to one another. More complex interaction forces
can be introduced with different signifiers of different physical phenomena being coded

into the visualization based on variations in size, color, speed, etc.

Another feature than can be implemented is by utilizing the third dimension that
the DICE nodes are able to stack in and transmit and receive data. DICE nodes can
be stacked on top of one another, allowing for a 3D particle simulation. One way this
could work is to have all nodes within a stack of nodes send the coordinates for each

particle in their region up to the above node. Once all coordinates for each particle
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Figure 4-4: Concept visualization of what a particle simulation with two nodes com-
municating could look like. The green lines are representative of the shared border
between the nodes.

in that stack of nodes is collected by the top layer node and sent to the display, the
varying depths of the particles could be easily visualized using a simple shader. For
example, the closer to the top, the more opaque the particle, and the closer to the
bottom of the stack, the more transparent. As particles move higher and lower within
the stack’s spatial region, the corresponding point on the display can get more or less
visible.

The two simulations run for this demonstration are in both two and three dimen-
sions. The 2D simulation is a 4 x 3 node area, and the 3D simulation is a 3 x 2
x 2 node volume. Both simulations contain the same number of particles, with the
height, width, and depth units being equal. The particles have just the basic interac-
tion forces present, allowing them to bounce off of one another upon collision. Each
particle is given a random initial velocity to incite movement and interaction.

One final thing worth mentioning is that of the characteristic of the displays that
they currently work according to how well the data they receive matches up with

the data that they’re expecting. This can absolutely be both a bug and a feature,
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depending on how you look at it. If mismatched data shows up, it breaks everything
and ruins the visualization. On the other hand, though, it allows the visualization
to be customized specifically for the application that it is working with, and can
also help debug the problem of figuring out why the mismatched data occurred. It’s
a two-edged sword there, and there’s sure to be more developments with it as this

platform is used more and for more applications.
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Chapter 5

Application: Ray Tracing

5.1 Motivation

In the world of graphics rendering, the next iterations of the highest end commer-
cially available products are locked behind years-long multi-billion dollar development
cycles. These Graphical Processing Units (GPUs) specialize in delivering the best
graphical quality for whatever sort of application they’re applied to, being able to
handle large amounts of data that make up the polygons, meshes, textures, colors,
and everything else that is involved in a given scene or simulation environment. Like
other high-end modern day computing products, they rely on an architecture that
doesn’t build in locality from the foundation, but still do extremely well with the
extremely specialized and optimized architectures that they do implement.

Trying to build a GPU using DICE nodes and displays is an idea based on the
desire to overcome this time consuming and expensive iterative process. Taking ad-
vantage of the scalability of the DICE architecture, a more complex or higher per-
forming GPU could be achieved simply by scaling up and adding more nodes. For an
application that requires just a little more or less rendering power, this flexibility in
scaling could introduce a solution to providing the most efficient needs-based GPU
for each application. It wouldn’t be necessary to wait for the next, more powerful
iteration of a device or get more power than is truly needed. It is this idea that makes

DICE an attractive solution for graphics rendering applications.
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In particular, however, there is one graphical application that stands out from
the rest: ray tracing. Ray tracing is the idea of computing the optical paths that
each ray of light in a scene will travel in order to determine the exact lighting, color,
and reflections that would naturally occur from that object. The general idea was
first introduced by Albrecht Diirer in 1525, [14] but has been worked on extensively
over the past few decades as the field of computer graphics has grown substantially.
Many companies in the industry have developed all sorts of sophisticated software and
programs to simulate and calculate all sorts of computer generated scenes, particularly

those involved in making animated movies and effects. |7]

Because ray tracing algorithms are so computationally expensive, use cases for
them have typically been limited to those of static images or pre-rendered scenes.
However, advances in the hardware and in the algorithms themselves have led to en-
abling of real-time ray tracing capabilities. While it would seem that devices capable
of real-time ray tracing would be limited to the most cost-prohibitive and specialized
equipment, the technology can be found in the most recent generation of home video
gaming consoles. However, even in those instances, extremely specialized hardware

is used and took years of research to attain.

Therefore, it would be greatly advantageous to implement such a complex ap-
plication on the simplified DICE hardware and use its parallel processing power to
handle the heavy computations required. Utilizing the DICE architecture, the com-
plex ray paths that help realistically render a scene optically could be divided up and
computed locally to share the load and not be limited by overall memory speed and
size. There are some limitations, such as resolution, that can arise from not using
the most high-end chip-sets for the local computations, but the size and complexity
of the scene shouldn’t be an issue as the work can continue to be divvied up and
executed in parallel by the entirety of the system.

The greater implication of executing such a system is, as was mentioned, the
scalability of the system. By adding more nodes and displays, the resolution of the
rendered image, the complexity of the scene, and the ability to perform it all in

real-time is enhanced. The fundamentals that will work on the most basic of demon-
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strations can feasibly be made to work on a much larger system. The scaling iterative
systems that could be created could combat the aforementioned years-long develop-
ment cycle, all without having to build everything from the ground up. For these
reasons, this application has been conceptualized and will hopefully help overcome

these challenges.

5.2 Proposed Implementation

Before digging in on the exact implementation of this application, it is necessary to
note that at this point the threshold of what has been achieved on the DICE hardware
has been crossed. No one has yet attempted to create a ray tracing simulation on the
system yet, either virtually or physically. Due to time constraints and the need for
further development of the DICE node and display code, it is necessary to approach
this application from a theoretical point of view. As more progress is made on the
development front, the transition from theory to actual experiment should be quickly
realized.

The implementation of this attempt at locally computed ray tracing takes advan-
tage of the duality of light in that it acts like both a wave and a particle. Essentially,
this application would utilize the same framework established by the particle simu-
lation methods found in the previous chapter, but the particles are instead replaced
with photons and the interaction forces between the particles are replaced with equa-
tions that dictate optical forces and phenomena. Rather than a particle simulation,
this would transform into a sort of "photon propagation" simulation.

The DICE nodes would represent a volume which can be filled with various objects
to be depicted by the displays. As the photons propagate through the scene, the rays
will reflect off the object and those interactions can be calculated and recorded. The
top layer of the simulation volume will act as a viewing window that captures the
depiction of the scene based off of the interaction between the photons and the objects.

It’s easy to think of ray tracing as "tracing" each ray of light as it is emitted from

a light source, reflects off of various object surfaces, then exits the viewing window
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where the viewer’s vantage point is located. However, in practice, this method is
not very feasible because it requires keeping track of every single ray of light emitted
from the light source. So, in most algorithm implementations, the calculation starts
at the vantage point of the viewer, goes through the viewing window, then goes on
to interact with the various surfaces. Any rays that do not interact with an object or
light source are represented by darkness (or the chosen background color). The rays
that do interact with the objects or light sources then have the color calculated based
on the object and light interactions, and that color is then displayed on the portion
of the viewing window that the ray "originated" from. This typical method of ray
tracing is called "forward" ray tracing, while following the actual path that the light
would travel, from light source and eventually to vantage point, is called "backward"
ray tracing. While it was mentioned that it’s not very feasible to use backward ray
tracing, it is necessary to simulate the effects of diffuse reflection of indirect light. [4]
However, this is beyond the scope of this implementation, for we are just aiming to

get basic ray tracing algorithms working within the DICE architecture.

Concept art of what this all might look like within the DICE perspective is in-
cluded in Figure 5-1. The entire surface layer of displays (or just one display) will act
as the viewing window through which the rays from the vantage point are sent. Each
node will represent the volume of the scene, including representations of objects and
light sources. Depending on the resolution used for the calculation, the correspond-
ing number of photons will begin to propagate, starting at their own local node, then
moving throughout the volume, being transferred from one node to another, just like
the particles do in the particle simulation. When a given photon comes across an
object, the proper reflection or transmission is calculated based on the characteristics
of the object’s surface at that point, then it continues on. Based on the paths and
interactions, the appropriate color is reported back to the portion of the display(s)

that the photon started from, which all combine into one all-encompassing image.

Note that this concept is applicable to all forms of ray tracing, not just the po-
tential DICE implementation. The concept art is therefore very similar to the typical

diagrams found in any medium with an explanation of how ray tracing works. What
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Figure 5-1: Concept art of the DICE ray tracing implementation. The display window
in black represents pixels of a given display or a wall of full displays. The dashed
cyan box represents the scene volume that will be broken up among various nodes
to compute the paths of the rays. The red arrows show the paths of those photons
as they propagate through the system, originating computationally from the blue
vantage point. Objects and light sources (green and yellow spheres, respectively) will
be represented in the scene volume.

sets this concept apart from all those other implementations, however, is the discrete
methods that are employed within the DICE architecture. The volume containing
the scene is broken into discrete spatial chunks that keep track of the photons propa-
gating throughout the scene. The resulting rays that are traced and their determined
colors are then represented on the displays at the point where the rays would have
passed from the vantage point through the viewing window. This sort of "discrete
ray tracing" has yet to be implemented, and the DICE architecture seems to be more

than capable of achieving it.

Because the initial particle simulation worked on the virtual instance of the DICE

hardware, [24] it suggests that by building upon that basic framework, this proposed
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implementation should work, as well. Assuming success, this implementation would
then have the capability to be scaled to create even larger displays or to increase
the resolution or processing power of the computation. Each node has a certain
computational capacity and by dividing up the work and with enough nodes, any
heavy computation can theoretically be handled. There is obviously much work to be
done to actually implement this within DICE. First off, finishing the development of
the particle simulation to work on the physical hardware will help significantly as it
builds the photon propagation framework that is required for this application. Next,
adapting the optical equations into the code would allow for realistic path tracing
to occur. Creating the objects and their surface characteristics is also a big part so
that there is actually something to be reflected off of and rendered on the display.
Simple tests with very simple objects will be the way to go once these different aspects
are handled properly. From there, the viability of the DICE implementation of this
application can be measured.

Beyond that, there are a variety of other ray tracing techniques that could be im-
plemented to handle more complex scenes and ideas, such as distributed ray tracing
to handle problems such as motion blur and fuzzy reflections. [8] Another technique

" which is es-

that would be worth looking more into is that of "parallel rendering,’
sentially what we’re already doing by breaking up the rendering tasks for each node,
but more intricate and detailed methods exist. [22] Regardless of the complexity, for
any further implementation, it would be wise to consult the plethora of information

and guidance provided by the experts in the field. [18, 3|
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Chapter 6

Evaluation

6.1 Debugging Enhancement

As was demonstrated in an earlier chapter, the ability to connect the display to any of
the top layer nodes proves to be extremely beneficial when it comes to debugging the
code running on the DICE nodes. Not only does it allow for detecting the problem
in real time and determine which step of the code the issue occurs in, but it also
pinpoints the exact node where the problem lies. While it’s not as streamlined as
using the virtual DICE nodes to emulate the code, when used in tandem with that
method, code can be quickly developed and verified on the physical system that it
will be running on when all is said and done.

Quantifying such an enhancement is a bit of a tricky task, but it can still be
discussed. Much like having certain points in the code where a program can pause,
verify the correct data, then continue on, the displays can act as such a troubleshoot-
ing diagnostic tool. Without actually having DICE code developers use the displays
to test out its debugging enhancements, it is hard to determine exactly how much
this tool will be utilized, but for the sake of this work, it has been of great use.

At its current state, debugging can be a little frustrating due to the fact that the
node needing to be reprogrammed must be removed along with the pin header strut
and other struts connected to it. Upon reprogramming, the structure must then be

reassembled before more troubleshooting can occur. While this isn’t necessary an
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added issue because of the displays, it still can be time consuming. One thing that
can overcome this is the end-to-end programming and assembly process that is being
developed for the system using robotic assembly, however that may not be practical
on an individual development basis.

Finally, as improvements in the packaging and optimization of the data trans-
mission processes occur, the ease of use of the displays as a diagnostic tool will only
increase. At that point, hopefully many more applications will have been explored
and tested, giving many more opportunities for the refinement of the system and its
effectiveness. At its current state, however, it does seem to be a worthwhile addition

and contribution to the project overall.

6.2 Data Visualization

The DICE nodes on their own are capable of so many interesting applications and
computations, and the addition of the displays into the system only amplifies the
usefulness and intrigue of them. Being able to observe the workings of a system proves
to be invaluable in gaining a better understanding of how each process unfolds. The
amount of unique ways to showcase the data is seemingly limitless and can therefore
elevate even the most mundane of measurements into more interesting observations
that are more likely to unveil useful patterns hidden within the data.

There are some things to be aware of, however, when adding all of these visualiza-
tions to a given application. By adding more things for the system to do, it does tack
on an additional time cost. While the system is still able to work asynchronously, the
displays must be able to keep up with the data that the nodes are sending. If they
don’t, the data won’t match up or the whole program must slow down to allow for
the displays to catch up, making some applications less useful. This may not be an
issue for all applications, especially for those with complex computational steps, but
it can’t be ignored outright.

It’s also worth noting that some applications benefit more than others from having

the displays in the first place, or some need only utilize one or two displays for the
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beginning and end of a chain of data, rather than the entire area of display space.
The value that the visualizations truly add is quite subjective, and can really only
be determined according to the developer and observer of whatever applications are
run. All in all, there are some drawbacks to be aware of when using the displays and
they must be considered in comparison to the benefits provided by them.

While the data that is shown on the displays is reliably correct, as in the displays
only show exactly what is being read in and interpreted (which is why the unique
"reinterpret cast" function discussed in Chapter 3 is needed), the connections be-
tween the physical display and node, as well as the connections between the nodes,
can be suspect at times. This causes incorrect behavior from the visualization, nulli-
fying the usefulness of the visualized data. These unstable connections appear to be
caused by iterative wear and tear from repetitive attachment and detachment from
the build plate and other components. A sort of pre-loading structure to press down
on each of the nodes and struts has been discussed, but is just one potential solution.
This only seems to be an issue when more nodes are added together.

The added usefulness of the data that is visualized makes the integration of the
displays a necessity for most applications. The cost to add the displays can be reduced
by finding a display that’s better suited for the DICE nodes in terms of size and design
integration. More work will go into optimizing the data transferring to improve the
speed of the visualizations, as well as improving the packaging so that the displays
can each be seamlessly tessellated over the whole surface to form one larger display

area.

6.3 New Applications

Aside from the applications that the DICE architecture is already capable of putting
into practice, the addition of the displays enable other unique applications. Different
forms of graphics rendering, model viewing, volumetric displays, and so forth were
discussed, as well as the specific application of locally computed ray tracing. With

such a recent project, the full array of potential applications has yet to be realized,
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but there are surely more use cases that can be discovered. As these applications
aren’t possible without the DICE display framework, they serve as demonstrations of
the merits of the system.

The ray tracing application in particular is one to get excited about because of the
potential doors it opens in the world of graphics processing development. By scaling
up the DICE-based GPU structure by adding more nodes and displays, intermediate
steps between top of the line commercial product iterations could be achieved, bring-
ing costs down and efficiency up. The whole idea of building the system to have just
as much computational power as is needed, no more or no less, is now possible using

this architecture.

6.4 Performance Projections

The basic DICE unit has been characterized and compared against various other
computing chips and systems. According to performance projections, it would take
roughly 3,000 DICE nodes to equal the performance of the Intel Core i7, while using
30% more power. [12] Based on these projections, it is worth exploring what addi-
tional computational and monetary costs are added on with the integration of the
displays. Additionally, the basic performance of one singular DICE display node can
be compared against top of the line GPU devices out on the market today, such as
the NVIDIA V100.

First off, a discussion of monetary cost is required. Each DICE node costs roughly
$3, and both the displays and the microcontrollers used for these tests cost approxi-
mately $20 each. Therefore, converting a top-layer node into a display node increases
the cost more than tenfold. However, these specific devices were chosen for prototyp-
ing purposes and less expensive options could definitely pursued that could potentially
fit the needs of the system even better.

In terms of power, a simple test was conducted where one node were placed on a
build plate, which ran the particle simulation application drawing 60 mW of power.

When connecting the display, the power consumption of the system increased by 130
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mW up to 190 mW. Therefore, the power consumption of the system running a typical
application can more than triple by adding in the display and its microcontroller.
Again, by replacing these prototyping devices with something specifically designed

for this system, this increase can be mitigated.

Coming back to the NVIDIA V100 comparison, however, shows how much work
can continue to be done. Using the same math that compared DICE nodes to the
Intel Core i7, we can determine that approximately 750,000 nodes would be required
to match the performance of the NVIDIA V100, while using far more power. If
3,000 nodes didn’t sound like it was pushing any limits, then 750,000 nodes is sure
to sound absurd. Tack on the additional power consumption of the display layer
and a potential decrease in practical computer power due to the need to slow the
computations down so the displays can keep up, and it makes this system seem so

inferior that its existence is called into question.

The thing to remember about all this, however, is that this system wasn’t built to
directly compete with these already existing products, but to provide an alternative
architecture to potentially guide future developments in computing as a whole. These
high-end computing devices are based on traditional non-locality based architectures.
DICE is presented as an alternative that could potentially shape the next big wave

of computing research.

It is worth noting, however, that there are other branches of this project being
explored, one of them being the implementation of the DICE architecture using super-
conducting electronics. 5] According to current tests and projections, a custom-made
"Super-DICE" node would utilize these superconducting advances to achieve compu-
tational and power consumption levels that are unheard of. Just 10 Super-DICE
nodes could match the performance of the Intel Core i7, while using a fraction of
a percent of the amount of power. Scaling up to the NVIDIA V100, it would take
around 2,500 Super-DICE nodes to equal the performance, but again, only using a
near-insignificant amount of power. These projections even show that if successfully
implemented, it could lead to an improvement five orders of magnitude better than

state-of-the-art super-computing systems. [12]
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So again, while there is a lot of room for optimization, this system still gets the
job done. Even though at its current state, these nodes would need to be scaled
almost infinitely to match the levels of performance of modern computing structures,
the fact that they work as well as they do is an improvement upon what has come
before. There are various routes that the project can take in the future, but many, if
not all, have the potential to achieve some very promising results and make progress

in the fields of computing and graphics.
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Chapter 7

Conclusion and Future Work

The work done in this thesis is hopefully another step forward not only for the DICE
project as a whole, but for the whole field of computing and displays. The displays
integrated into this system not only enhance the capabilities of the DICE nodes
themselves, but enable other useful applications that wouldn’t be possible otherwise.
One of these applications is that of locally computed ray tracing, which could shape
up to be a great advance in the GPU industry. There are some obvious limitations
from the system as a whole, but there is quite a bit of work that can be done to
overcome or minimize those limitations, making this system even more efficient and
beneficial for those who put it into practice.

First, an obvious area for improvement that could go a long way in making the
system easier to use is packaging. While this may seem superficial, it would certainly
improve the user experience with programming the devices. The specialized header
pin strut did its job for the testing conducted, but it would be even better to have
everything designed so that the displays could mount and latch on top of each node
just like the other nodes do to stack on top of each other. In order to do this,
however, more testing needs to be conducted on displays to determine which ones
would work best for the system. As different applications are developed, it will be
more clear what the needs are in a display, especially in terms of resolution and color
capabilities, which would further guide the decision for which display is best for the

system. It was mentioned that the Feather M4 microcontroller was chosen to drive
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the display because of its compatibility with the display, but also because it uses
the same ATSAMDA51 chip as the DICE nodes. While it might not be possible to
drive the display using only a DICE node, a special display node could be designed
to include the extra components necessary beyond the Meso-DICE components, and
then could mount on top of a typical DICE node to fit in with the rest of the assembly
process. It would not only be aesthetically pleasing, but also very practical, to find
a design that helped create a tight tessellation between each display to create a
seamless layer of tiled displays. All these improvements would be sure to not only
make things look nicer superficially, but also make them work together better and
make the development and testing processes easier. Concept art of how this idealized

packaging could look is included in Figure 7-1.

Figure 7-1: Concept rendering of an ideal Meso-DICE and integrated display pack-
aging.

Next, work needs to be done on the transmission of data to the displays them-
selves. While the simple serial communication from the DICE nodes to the display’s
microcontroller seemed to do just fine for the testing conducted in this work, it is
worth exploring how difficult yet beneficial it would be to have the same token pass-
ing scheme used between nodes put in place between the nodes and the displays. The
handshaking and waiting functions would certainly help curb misread or unorganized

data. The most important things that need to be maintained and improved, however,
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is ease of use and speed. Whichever method can maximize both of those areas is the

surefire winner to be adopted and maintained.

With those two areas improved, the system as a whole, especially in debugging
and visualizations, will be lifted up. The visualizations will look much more appealing
with displays seamlessly tiled and correctly placed above their respective node or node
stack. By being able to just press in and power the displays in order to connect them
and have them start displaying, the debugging process can be sped up, eliminating
the current need for ensuring the header pin strut is in the correct location along with
the jumper cables going to the correct pins. Soldered and secured connections are
far more stable than a mess of jumper cables going between devices anyway, so all of

this would sure to combine to lead to much more reliable performance.

The stability of the connections of the struts and nodes is something more to be
explored in the overall DICE project. The connections held up extremely well for a
given amount of time, but eventually started loosening up upon repetitive latching
and unlatching. Many nodes lost one or more of their four heat-staked PLA posts
holding the node together. Some struts integrated into the build plate also lost one
side of the milled delrin latching piece. While not completely detrimental to operation,

these breaks surely didn’t make things more stable and secure.

One way that these structural issues could be mitigated is by having reprogram-
ming capabilities implemented from node to node, and not just at the programming
stand. By having a common backbone throughout the system, which partially ex-
ists in the build plate, the entire structure could be reprogrammed by sending the
information to each node stack and having the nodes reprogram each other using the
serial lines that connect them. This would make it so removing and replacing each
component wouldn’t be necessary, increasing the longevity of each of the components,
not to mention the speed boost it would grant to development time.

As more time is dedicated to working through existing applications and improv-
ing them, the strengths of the system will become more apparent. The debugging
capabilities should help any future developers work on different code and simulations

within the system, as well as create appealing visualizations to make sense of the
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applications they’re working on. While current applications may be limited, each of
them can be adapted to implement the displays to improve upon them in some way.

The particle simulation in particular has a lot to offer for this system, and vice
versa. Once code is developed to get the physical DICE nodes interacting with one
another and sharing particle information, the entire visualization could be quickly re-
alized. From there, 3D implementations, as well as more complex particle interactions
simulating stress fractures and other physical phenomena can be easily introduced.

For the ray tracing application, it is quite the bummer that it didn’t make it past
the conceptual stages, so the obvious next step is to bring it from the theoretical to
the experimental realm. That will take quite a bit of work, but as it builds upon the
foundation of the particle simulation, propagating photons should be a compelling
application of the capabilities of the system. From there, more complex scenes and
objects can be successfully rendered.

Another application mentioned in earlier chapters included that of cross-sectional
view rendering. For this application, the DICE nodes could represent a volume with
an object inside. Depending on the layer of nodes selected, a cross-section view could
be rendered of the object at that layer and displayed on the top surface displays.
Different layers would represent different depths in the display volume. A concept of
how this could look is included in Figure 7-2.

Some other incredibly intriguing ideas are volumetric and holographic display
applications. Specialized display hardware would most certainly be required to make
the most of these applications. However, the parallel processing provided by the DICE
nodes is perfect for the complex and robust computations that must be performed
for things like computational holography. Similar to the ray tracing application, it
requires computing the paths of the object beam and reference beam as it propagates
through an environment, then to determine the diffraction pattern caused by the
interference of the beams. It would be quite something to see a hologram computed
and displayed on the same system.

While performance projections show that the project has a long way to go to be

directly compared to modern computers, the specific direction that it takes could
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Figure 7-2: Concept of a cross-section view rendering application. The object in
the middle would be included in the scene volume calculated by the display nodes.
Depending on the layer selected, that layer of nodes would send data about the object
from their layer to the displays, which would then render a cross-sectional view of the
object. Different cross-sectional views can be seen represented in the display windows
on the left and right.

potentially be among the first steps of a shift in computing architectures as a whole.
Especially with the projections of the superconducting powered DICE nodes, the
project could even be revolutionary. With the addition of the displays, it opens the
doors to less conventional applications and implementations, but those should evolve
with the project as a whole moving forward.

Again, it is anticipated that the contributions provided by this work are a great
next step forward for all of the concepts explored. Much more research can and should
be conducted to truly determine how impactful this system can be. As the system
gets in the hands of more researchers and developers, hopefully its full potential can
be realized. At the very least, this system is an interesting exploration of a unique
computing and display architecture. However, if performance projections and other
indicators are true, this could be another step towards a fundamental change in how

the world looks at computing.
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