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Field-programmable gate arrays (FPGA) are popular for their ability to be configured and re-
configured at any instant of time. They consist of numerous logic blocks linked with programmable
interconnects. FPGAs provide high parallelism, low power consumption, greater efficiency in com-
parison to most other similar devices available in the market. However, they are very difficult to
program for the end-users as programming FPGAs require knowledge regarding hardware design.

Using soft-core processors can somewhat alleviate this issue. Transport-triggered architec-
tures (TTA) can be used for processor designing. FPGAs can be programmed using TTAs as an
overlay layer. They have gained popularity due to their exploitation of the parallel programming
model. Though they are still under research, yet they have shown promising results in improving
execution time, image size, and resource utilization. TTAs are simple to implement in FPGAs and
are quite efficient.

TTAs implement instruction-level parallelism through different functional units. Parallel data
transports and interconnections are essential to program these function units in parallel. Based
on the efficient utilization of this datapath connectivity, the efficiency of TTA architecture in FPGAs
can be enhanced quite a bit.

This thesis presents a TTA variation with reduced internal connectivity beyond standard VLIW
processors to improve the implementation efficiency measured in terms of clock frequency and
resource utilization. It demonstrates an exposed single instruction multiple data (SIMD) datapath
connectivity model with a reduced number of connections that can successfully sustain one per
cycle operation throughput. Additionally, the performance of this reduced connectivity template
is compared with a previously demonstrated architecture based on an equivalent metric. After
verification, the findings show promising improvement in terms of clock frequency and resource
utilization.
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1 INTRODUCTION

Application-specific integrated circuits (ASIC) are microchips that are specially designed
for performing a specific application. Once it is manufactured for a particular application,
it cannot be reprogrammed. Field-programmable gate arrays (FPGA) devices offer a
lower barrier to entry to logic desigh compared to ASICs due to their lower non-recurring
engineering (NRE) costs [1]. Their reconfigurability makes them suitable for low volume
production and prototyping as they can be updated for fixing erroneous behavior in the
design [1].

FPGAs have gained popularity in logic designing due to their flexibility and accessibility.
They are widely used for application-specific processing. FPGAs are re-programmable
and hence, they provide a huge opportunity for customization. As a result, compared to
other fixed function processors, they are more suitable for prototyping and low volume
production. FPGAs can be implemented in some SoCs as well. However, one limitation
of FPGAs is that they are hard to design by software engineers. This is because FPGAs
require a certain level of experience in hardware designing which the software designers
usually lack. But, the Occupational Outlook Handbook of the United States [2] mentioned
that in 2019, the ratio of software engineers to hardware engineers is 20 to 1. Hence, it is
better if the software engineers have tools to overcome this limitation.

High-level synthesis (HLS) and soft processors are ways to improve the accessibility of
hardware design for software engineers. Soft processors are processors implemented on
FPGA fabric. They can be customized competitively, as the devices can be reconfigured
with different processors as soon as the application changes. Even though fixed-function
RTL designs provide this benefit too, soft cores offer more flexibility by adding the software
programmability as a way to switch the functions. Nevertheless, soft processor designing
requires a detailed understanding of FPGA technology.

Transport-triggered architectures (TTA) provide enough opportunities to research on us-
ing them for soft processor designing as there have not been many exhaustive studies
in this area. But previous researches [3] show that they are easy to implement, require
less logic, and provide high frequency when compared with other traditional operation-
triggered architectures (OTA). Their instruction encoding has explicit parallelism. Fur-
thermore, they do not require complex decoding logic. All these benefits make them an



interesting and practical choice for FPGA implementation.

In a processor template, there are a number of register files (RF) and function units (FU).
Each of these FUs are connected among themselves and to the RFs through intercon-
necting buses and sockets. This is known as the interconnection (IC) network. All the
communications and data transfers in the processor take place through this IC network.
Making these connections is expensive and TTAs make them visible to the programmer.
Furthermore, due to the TTA’s move programming model, the ICs can affect the instruc-
tion width. The IC network may occupy a huge portion of the processor, as well. In order
to keep the design cost-competitive, it is essential to keep this network optimized and use
a minimum number of connections as possible for the application to work fast. But while
doing that, it should be made sure so that the performance of the processor, in terms of
cycle count, does not reverse the benefits from higher clock frequency.

This thesis is a part of ongoing research regarding the reduced interconnection (IC) net-
work for TTA processors. Here, a reduced connectivity structure for TTAs is explored,
which is especially optimal for FPGA implementation. This is a very simple IC network
that enables the datapath to be fully utilized while achieving high 'peak performance’.
This thesis demonstrates that full utilization of the vector function units (VFU) is possi-
ble with reduced connections while improving the critical path, clock frequency, and area
utilization in the FPGA.

Chapter [2| presents some background containing some basics of digital design, paral-
lel computing, processor architecture, and some differences between application-specific
processors and fixed-function accelerators. Development of TTA processors from Re-
duced instruction set computer (RISC) has been discussed briefly and some knowledge
about the TTA paradigm and design environment is also presented. This is followed by
Chapter [3, where FPGA architecture is discussed elaborately. This chapter ends with
some reviews about FPGA design methods and tools. In Chapter[4] the general idea and
high-level block design for the reduced connectivity template are proposed. Implementa-
tion and evaluation of the template have been presented in Chapter 5] The thesis ends
with a summary process and discussion of what has been achieved and future research
prospects in Chapter 6|



2 BACKGROUND

Efficient exposed SIMD datapath connectivity on FPGAs is a complicated topic. Be-
fore digging deep into the details of the topic, discussion about some relevant basics
are mandatory. In this chapter, some fundamental concepts of digital design, parallel
computing, and application-specific processors are introduced and briefly discussed for a
better understanding of the succeeding chapters. Furthermore, processor architectures
like RISC and VLIW and the development of TTA architecture are explained shortly.

2.1 Digital Design Concepts

The world shifted towards digital design from analog with the invention of CMOS-transistors
and after that decades have passed in research in this field. Modern life cannot be imag-
ined without fast processors built with microchips that can fit millions of transistors. Digital
design is all about digital circuits and logic gates. Such designs consider explicit time and
parallel operation of digital logic. The circuits have combinatorial and sequential logic im-
plemented in them. Design views have various abstraction levels, hierarchy, modularity,
datapath, and control.

Figure gives a general idea of a digital system. Digital systems consist of combinato-
rial and sequential parts. In the combinatorial circuits, output depends only on input at the
current time instant. Sequential circuits produce a sequence of input and output values,
and to do that they need memory. Such digital circuits contain applications whose output
values are dependent on the inputs at any specific time; past and present [4].

A microchip can be made of billions of transistors. At present, for a graphics processing
unit (GPU) the highest transistor count is 54 billion MOSFETs [5]. Each of the logic gates
made of transistors needs a minimum time and power to be turned on and perform the
assigned work. Hence, it is very challenging for designers to make a circuit run fast
with high frequency while satisfying the timing requirements. Moreover, each logic gate
needs a definite amount of power to become active and execute the assigned job. The
design should consume a minimum amount of power, in order to make it competitive in
the market. But this vast number of transistors consume huge power which directly affects
the cost negatively.
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Figure 2.1. A block design of a digital system

2.1.1 Critical Path

In the combinatorial part of digital circuits, logic gates are connected one after another. A
propagation delay takes place when input signals pass through these gates. The maxi-
mum time needed for input to change into the final output value is known as propagation
delay [6]. Propagation delay is measured between 50% signal level of input and output
signals. The total propagation delay is the sum of the propagation delays of each gate.

The maximum speed of a combinatorial circuit depends on the longest path a data needs
to travel. It causes the longest propagation delay through the gate network. This is called
the critical path. That means the critical path is the longest delay from network input to
output. However, it is also true that the slowest path is not always the longest through the
circuit.

nl Critical Path

t

Short Path

Figure 2.2. Critical path



Figure is an example of a critical path. The connection in the blue line shows the
critical path, which indicates the connections from A or B to Y vianl and n2.

2.1.2 Fan-in and Fan-out

Each logic gate may have one or more inputs and each output can be used as an input
for multiple gates. The number of inputs is known as Fan-in in the logic gate and fan-out
can be described as the number of gates the output can drive. Both of these are limited
by physical constraints. The propagation delay is dependent on the load factor of logic
gates. And, the load factor is dependent on the fan-ins and fan-outs. Therefore, gates
with large fan-in are usually bigger and slower. Similarly, gates with larger fan-outs are
also slower. These factors can influence the critical path quite aggressively.

and 2

B__ and_1 J and 3

Figure 2.3. Fan-in and fan-out

Figure shows fan-in and fan-outs for an AND-gate. Here, the gate and_1 has two
fan-ins, which are A and B, and three fan-outs to and_2, and_3, and or_1.

2.1.3 Other Delays

There are other delays or slacks as well that need to be considered when implementing a
design on any device. Each signal needs to travel a certain distance or part of the system
by a certain time for the system to work properly. This is known as the required time. In
real cases, the signal might travel either slow or faster than the required time. the amount
of time the signal actually takes to arrive at the endpoint is defined as arrival time. It is not
always equal to the required time. The difference between these two is known as slack.

A negative slack value is an indication for a signal arriving at the endpoint later than the



required time. This causes timing requirement failure for the design, making it inefficient
and unimplementable. As a result, for a design to be viable, it is mandatory to ensure that
the timing is met with a positive slack.

Setup Slack = Required time for data propagation - Actual arrival time
Hold Slack = Actual arrival time - Required time for data propagation

In case of implementing the design on a field-programmable gate arrays (FPGA) device,
the terms that indicate the difference between the required time and actual time of data
propagation are called setup and hold slack. For a design to work accurately at a definite
frequency, it must have a positive setup slack. A positive setup slack indicates that the
design passes the timing requirement with some margin.

2.1.4 Frequency, Execution Time, and Power

Frequency is closely related to timing and influences the execution speed of the system.
Generally, frequency means, the number of times an event has occurred in a definite
amount of time. Its unit is hertz (Hz). Typically 1Hz is equal to one occurrence per
second.

The time required by a processor, to complete the execution of a definite task or instruc-
tion is known as the execution time. It depends on various factors like the number of
instructions to be executed, types of instructions and their frequency, clock cycle, etc. If
multiple instructions are to be executed using the same hardware resource, the execution
time will be much slower given they are carried out together than they are carried out in
separate times [7].

In a processor, events or tasks is synchronized with time using a clock. This clock gener-
ates pulses at a definite frequency known as the clock rate or clock frequency. Each of
these clock pulses is referred to as a clock cycle. Different instructions need a different
number of clock cycles to be executed. As a result, if the processor has a high execution
time, the maximum clock frequency of the system also increases.

The gates need some power to turn themselves on. So, for a digital system, the consump-
tion of power gradually increases with the increase of transistors used. Developers have
to keep this power consumption in check for making the design viable and cost-effective.

The high performance of the system depends on efficiently utilizing the execution time,
power, area, and cost parameters. However, it is not typically possible to optimize the
application in terms of all these aspects. The developer must pick the most important
optimization goal and prioritize it as per the requirement of the system. For example,
one could maximize the execution speed keeping a definite predetermined upper limit for
power, etc.



2.2 Components of a Processor

The processor generally consists of a control unit and a processing unit [8]. Additionally,
it has some instruction operands, storage units, and external buses. The external buses
consist of address, data ad control buses.

Address Data
Bus Bus

% Control bus signals } 2

Control signals /
L
Control Data val 7
. ata values
Unit |, /
/
Control signals Registers
e
Data values (operands
P (op )
ALU Data values (results) y:
7 i

Figure 2.4. A generalized block diagram of processor components

2.2.1 Control Unit

The work of the control unit (CU) is to fetch instructions from the memory, decoding
them, and indicating which processes are to be performed by the processing unit. The
processes could be either arithmetic or logic or both. It also generates all of the necessary
signals for executing the instruction. This step is known as the execution step.

2.2.2 Processing Unit

The processing unit executes the operations specified by the control unit. Handled in-
formation and intermediate results are stored in registers inside the processor or in the
memory. The communication line that interconnects the control unit, processing unit,
and the registers are called internal buses. These internal buses, registers, ALUs, etc.
together form the datapath for performing all required operations. Some common compo-
nents of a processor are discussed here in brief.



2.2.3 Instruction Operands

An instruction operates on operands. Operands are usually stored in memory cells or
registers. They can also be stored as constants inside the instructions. To optimize data
capacity and speed of the processor, computers store operands in different locations.
Operands stored as constants or in registers can carry small amounts of data only. But,
they are quick to access. Memory can store large data, but it is slow. So, additional data
that doesn’t need immediate access, is stored there.

2.2.4 Storage Units

Data can be stored in memory or registers. It takes a long time to retrieve operands stored
in memory. But in order to run fast, instructions need to access them quickly. As a result,
processors have registers in them to hold frequently used operands.

In comparison to the register, memory has more locations to store data [6]. However,
accessing it takes longer. Register files are smaller than memory, but faster. However, it
is possible for a program to access a huge amount of data by utilizing the correct combi-
nation of memory and registers, quite quickly.

Along with registers and memory, the use of constants is also quite common in proces-
sors. These constant values can be immediately accessed from the instruction [6]. So,
they are also known as immediates. They do not require any access to the register or
memory.

2.3 Pipelining Concept

Inside the processor, the datapath usually implements the fetch, decode, and execution
cycles of an operation. A simple datapath is constructed with the memory for storing
instructions, the program counter (PC) for storing the address of the instructions, and
ALU for executing those instructions.

Datapaths could be single-cycled or multi-cycled. When all the instructions which a dat-
apath has to implement are executed in one single cycle, it is known as a single-cycle
datapath. Such a datapath can carry out each instruction simultaneously. So, each com-
ponent in the datapath can be used only once per cycle. Hence, to make such design
efficient, the datapath should either have multiple numbers of the same component or
each component must have multiple numbers of inputs and outputs selected by a multi-
plexer. Single-cycle datapath operation is very good for the cycle per instruction (CPI) of
the processor. However, it increases the critical path a lot causing execution time delays.
Furthermore, as every instruction takes one cycle, all instructions move at the speed of
the slowest one creating a bottleneck. It makes them inefficient for modern processors



where speed is a major aspect of measuring performance.

In a multi-cycle datapath, an operation is divided into small sub-operations so that they
can be executed in multiple clock cycles. This is done to avoid long critical paths caused
by stuffing all the executions into one cycle. Hence, sometimes, it can make the system
run a bit faster than the one using single-cycle datapath.

A multi-cycle datapath is designed for loading, storing, and performing the computation
in the fetch, decode, and execute cycle. But considering the complexity of control, a
more efficient computing technique had been introduced. A single-cycle datapath in time
can be overlaid for producing a different computational architecture known as pipelining.
Pipelined processors have stages or segments which are arranged sequentially. Each of
these stages carries out a particular task within a definite amount of time.

Pipelining is also a pattern of implementing parallelism in the processor. It helps in im-
proving the instruction throughput of an application or digital system. Here, multiple in-
structions are overlapped during execution. So, pipelining can be defined as a set of data
processing stages connected such that the result of one stage is used as input of the
next stage. These stages, which are actually parts of different instructions, are usually
executed in parallel. If the executions phase is too complex, this phase can be split into
multiple cycles and pipelined. This enables the processor to implement a new operation
in every cycle, even though it takes multiple cycles. This also allows storing and executing
instructions in an orderly process.

While pipelining, the output of a stage is directly fed as an input to the succeeding stage.
Data processing can start as soon as the first input has been received. Thus, the first
results are ready earlier. In multi-issue processors, pipelining can be applied at a single
core level by splitting the single instruction’s execution into multiple stages.

Data-flow through these pipelines can be compared to the cars through an assembly
line [9]. However, this long chain of pipelined operations causes a long datapath. Hence,
such systems need to consider the worst-case delay through the datapath to measure the
cycle time. The total throughput of pipelined architecture is limited by the slowest single-
stage throughput i.e. critical path. Parallelism is also limited by the number of stages in
the pipeline. With the increase of stages, the critical path also becomes longer.

Previous research [10] emphasized critical path analysis for a pipelined application. In a
pipelined parallel application, operations are divided into small workloads. These work-
loads are implemented concurrently in the hardware components. Long critical paths
create bottlenecks throughout these concurrent hardware components. As a result, the
processing speed is slowed down affecting the performance of the application in terms of
clock frequency. Hence, optimizing the application to minimize the critical path, in highly
concurrent hardware, is essential for avoiding such bottlenecks. However, critical path
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Figure 2.5. An example of pipelined operations

analysis needs detailed domain knowledge for understanding the gate-level delays, as it
is one of the fundamental basics of the digital design concept.

2.3.1 Example of Processor Pipelining

In instruction pipelining, executing instructions include overlapping fetching, decoding,
and executing stages of an instruction cycle. Such pipelining is implemented in multi-
stage RISC processors. Here, a single-cycle processor is subdivided into five stages for
pipelining. The longest delays in a processor are usually caused during interaction (read-
ing from or writing to) with memory and RF or while the ALU is operating. In five-stage
pipelining, each of the stages assumes exactly one of these slow steps. So, it can execute
five instructions simultaneously. The entire logic is divided into five different portions into
these stages. As a result, the clock frequency goes high by five times the previous one.
Though the latency of each instruction has not changed ideally, the throughput is almost
five times better [6].
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Figure 2.6. A generalized view of a 5-stage pipeline architecture

2.4 Parallel Computing

Speed and performance are two major specifications for processors. Increasing the num-
ber of transistors in the same chip can increase the speed to a certain limit, but it is not the
most efficient way to improve performance. Furthermore, adding more transistors limits
the frequency of the core and also increases heat radiation. In order to keep up with the
growing demand for high-performance computing, hardware engineers rely on parallel
programming to do more things at once rather than do one thing faster. Moreover, now
computers have multi-core processors making it possible to implement parallel computing
efficiently.

In parallel computing, multiple tasks take place at the same time. Here, a large problem is
broken down into smaller parts and executed simultaneously using multiple processors.
Each of these smaller parts is independent and often similar in nature. This similarity aids
in executing these parts in parallel, simultaneously. Nonetheless, this is not mandatory.
While executing the tasks in parallel, the resources communicate through shared memory.
When execution is completed, the results are combined. The program algorithm ensures
that after computing, it provides a collective output as per the set of instructions.

Parallel computing was introduced in the processor to improve throughput, latency, and
power-efficiency. The main difference between concurrency and parallelism is, in concur-
rency, multiple tasks are interspersed alternately, and for that multiple hardware resources
may not be required. But for parallel computing, tasks progress simultaneously with the
help of multiple hardware resources. Since it requires more resources, it might seem to
be more expensive. But it is a small trade-off when compared with the performance boost
resulting from implementing parallel computing.
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2.4.1 Types and Patterns of Parallelism

There are mainly 3 types of parallelism found in processors. Instruction level parallelism
(ILP) is the ability to execute multiple operations, for instance, an addition or a multi-
plication, at the same time on multiple data. This indicates multiple parts of a function
executing in parallel. Data level parallelism (DLP) is the ability to execute the same oper-
ation on multiple data. This is helpful for performing vector operations like adding multiple
elements in parallel or executing the same operation from multiple iterations of a loop in
parallel using a single instruction. Task or Thread level parallelism (TLP), is the ability to
execute multiple tasks at the same time, i.e. multiple functions executing in parallel.

Depending on the programs, implementing parallelism could be very easy without any
need for synchronization. The algorithms could freely run in parallel without considering
the other cores. But, this is not so simple in most cases. Synchronization is required
among the collaborating cores for shared data manipulation in order to avoid any kind
of data corruption. Hence, different patterns were introduced in parallel programming as
the structure for parallel implementation. Collective patterns, pipelining, fork and join are
some of the widely-used patterns.

2.4.2 Single Instruction Multiple Data (SIMD)

Single instruction multiple data or SIMD is a technique used for implementing Data level
parallelism through vector coding. The same operation for multiple data items or vectors
of data is executed by a single instruction. In SIMD computation, whole vectors are loaded
and stored in address spaces. The addresses do not require to be continuous as SIMD
does not necessarily involve serial memory operations. It is possible to read from and
write to different addresses scattered in multiple memory areas in one single transaction.
This memory handling technique is known as Scatter-gather.

For SIMD operations, it is essential that a single instruction or opcode defines the function-
ality for all vector elements. Masked SIMD instructions may have specifications defining
which of the lanes are to be executed. One limitation of this type of computation is that
only some workloads can be parallelized into this kind of SIMD.

In SIMD operation, processors can implement the same instruction on a number of ele-
ments. This is kind of like vector arithmetic. This execution model allows the processing
elements (PE) to perform work being connected to each other through vector RFs.

Programming SIMD processors can be difficult. Even when the algorithm can be executed
in vector operations, assembly level programming may be needed to utilize it [11]. How-
ever, compilers are available for SIMD algorithms. Such compilers attempt to vectorize
programs automatically. Then the processor can use available operations, and libraries



13

a) Scalar operations b) SIMD Dpﬂi'ﬂ[iﬂll
+ —_
Co
=+ = C1
-+ —
& = C2
+ = C3
4 separate scalar operations 4- wide SIMD operation

Figure 2.7. The general idea of scalar vs SIMD operation

with vectorized implementations of common algorithms [12].

SIMD processors usually execute one instruction at a time. Each of these instructions
is applied to a set of data operands known as lanes. One instruction can be executed
for all the SIMD lanes or any one of the lanes at once depending on the program spec-
ification. SIMD lanes require a lesser number of interconnects compared to Jmsother
processors [13]. Hence, element-wise operations can be easily parallelized. However,
communication among the SIMD lanes is quite complex. As the lanes are acting inde-
pendently, generic shuffles, and scatter-gather memory operations require each lane to
be connected to all the others [14].

To increase flexibility in parallel processing, single instruction multiple threads (SIMT) is
generally applied in the graphics processing unit [15]. Here, multiple threads are executed
simultaneously as warp in multiple PEs in parallel. The execution is more restricted than
a multicore processor as when threads in a warp diverge from a branch instruction, it exe-
cutes both paths serially causing the delay. Lower divergence means more active threads
and better performance. So warp scheduling is a major challenge of SIMT architecture.

Single Program Multiple Data (SPMD) model is another way to describe massively par-
allel programs. In SPMD, the programmer describes what is done in a single thread or
kernel instance or for a data item. This kernel description is executed multiple times to
process multiple pieces of data in parallel. This is parallel execution by default with ex-
plicit synchronization. For SPMD execution, the same program is implemented at different
points independent of each other by using multiple discrete processors. On the contrary,
SIMD exploits lockstep on different data and requires vector processors for data manipu-
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lation. GPU architectures are designed for the SPMD execution model due to their pixel
or vertex processing origins. So, SPMD is quite common in GPU programming. This is
also used for general-purpose CPUs.

2.5 Processor Architecture

Instruction set architecture (ISA) or architecture of a processor defines an abstract model
of the fundamental features of the processor. It works as an interface between the hard-
ware and software while specifying the supporting data types, input/output models, reg-
isters and memory structure, etc. When the processor architecture is comprehended or
realized into a structure, it is known as processor implementation, or simply, implementa-
tion. The same processor architecture may be implemented differently.

There are a number of processor architectures and their implementations used for differ-
ent purposes, each having many different approaches to meet their design goals. Some
architectures use one-dimensional [12] [16] or two-dimensional [12] [17] [18] [19] arrays
of small processing elements (PE) with interconnects between them, while others have
an organization resembling VLIW processors with multiple PEs controlled by one instruc-
tion [17]. A few general processor architectures will be discussed here.

2.5.1 RISC Architecture

RISC or Reduced Instruction Set Computer architecture was initially introduced to en-
hance processor flexibility. It is a type of processor architecture that can process small
but highly optimized instructions. They have a higher number of registers to reduce inter-
actions with memory. Instruction pipeline is introduced in RISC processors which allows
execution of different steps of the instructions simultaneously. This increases processor
efficiency by facilitating optimizing the instruction set. Due to the high optimization of in-
structions, RISC processors have lower CPI; which means high throughput - theoretically
it is one instruction per cycle.

A simple RISC processor has five stages. The first stage is Fetch, where the processor
reads instructions from the memory. The next stage is the Decode. Here, the source
operands are read by the processor from the register file. Also, the instruction read on
the previous step is concurrently decoded for producing the control signals. In the Execute
stage, the processor carries out operations involving the arithmetic logic unit (ALU). Read
or write operations involving memory access take place in the Memory stage. Then in
the Writeback stage, the processor writes the results to the register as instructed. [6]
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Figure 2.8. An example of a simple RISC pipelining

2.5.2 Superpipelined Architecture

The superpipelined architecture exploits this pipelining feature of RISC processors to im-
prove the critical path of the processor. It can be done by pipelining the microinstructions
i.e. pipelining the stages of RISC [13] further. Instruction fetch, execute and memory
stages are the critical stages of pipelining. In superpipelined architecture, these stages
are pipelined using bypasses. It exploits internal FU concurrency by reusing its hardware
multiple times for different operations. Figure shows an example of a connectivity
model of a superpipelined processor.

) Write Connection
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Figure 2.9. An example of a connectivity model of a superpipelined processor

Superpipelining effectively reduces the critical path. But, even though RISC pipelining
helps to reduce CPI, superpipelining causes an increase in this CPI. The reason behind
this is, it causes data hazards that cannot be resolved by the compiler. Not all delay slots
can be filled effectively due to in sufficient parallelism. Furthermore, the bypassing com-
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plexity grows linearly with the number of superpipeline stages. It also increases latches
and area overhead. However, it does not affect the RF complexity [13].

2.5.3 VLIW Architecture

Very-long instruction word (VLIW) architectures support CISC or RISC style operations.
Each VLIW instruction specifies multiple RISC operations [13]. The instruction word is
divided into a number of smaller instructions. They execute independently on separate
FUs. Each operation has latency. As a result, there is a possibility of the occurrence of
different hazards. Some hazards can be resolved by the compiler [12].

Immediate

FU1 FU?2

DFF DFF

Figure 2.10. A simplified VLIW architecture (republished with permission [12])

Figure [2.10} shows a simplified VLIW architecture with two single-cycle FUs. For imme-
diate values, the same bus may be shared by FUs. Each instruction can specify only one
immediate. With the implementation of more FUs, the requirement for immediates also
multiplies. Long immediates can be considered as a separate FU and programmed by a
dedicated set of instructions [13].

2.6 From VLIW To TTA

In the 70s, transport-triggered architectures (TTA) were used in Tabak and Lipovsky’s pa-
per regarding MOVE architecture [20], where they used it for control processing. Prof.
Corporaal proposed the TTA approach as an improvement for VLIW architectures.
Even though, researchers are still exploring various aspects of TTAs; works so far
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proves that they can be simply yet efficiently used for FPGA implementation. In fact, in
many aspects, TTAs are very competitive to other vendor-supplied soft core processor
templates. Soft-cores designed by TTAs can be highly customized. This helps to uti-
lize all the advantages provided by FPGAs. Moreover, compared to non-specialized soft
cores, TTA soft cores come with the possibility of better execution times and significantly
improved resource utilization [21].

TTAs have derived from VLIW architectures and hence, these two have some basic simi-
larities. Both architectures use static scheduling to implement explicit parallelism. This is
achieved by first dividing instruction words into smaller, independently executable parts.
Then explicitly defining the control unit which part is to be executed when. All of this is
done before the program is run.

The flexibility and scalability of a VLIW architecture make it very useful for designing
application-specific processors. However, for a typical FU with two inputs and one output,
the RF requires three ports for each FU. The reason is in VLIW, it is needed to read
two operands and write one operand of register data per cycle per parallel operation.
It creates huge redundancy in the RF ports making it very complex and thus large and
slower due to the ports needed. This is the main downside of VLIW implementations,
especially on FPGAs. Bypassing can help by improving the latency, but still, the hardware
programming model requires enough number of RF ports to satisfy worst-case access
patterns or expensive dynamic scheduling logic for them. [12]

With the TTA approach, scalable support for ILP can be provided. But only ILP is not
enough for obtaining high throughput. DLP support is also combined with it by introducing
a SIMD operation. TTAs can effectively reduce RF and bypass complexity. Reducing RF
complexity means reducing the number of ports in the register files. Implementing static
control to the IC could be a solution for this. RF can be implemented as a separate FU
having a limited number of read and write ports. [13]

Bypass complexity can be reduced by implementing parallel FUs for multiple function-
alities. This enables more concurrency without increasing hardware requirements sig-
nificantly. FUs having multiple outputs and superpipelined FUs can produce results at
different latency aiding in reducing bypass capacity as well.

Figure shows an exposed datapath VLIW architecture. Here, the source of every
operand and their destination in the RF is clearly specified in the sub-operations and
register indices respectively. As a result, the operation is quite expansive. For TTAs, the
instruction word is longer than a similar VLIW architecture. This is a major drawback for
TTAs.

Comparing figure with figure points out remarkable differences. The bypassing
registers and the connecting buses present in figure are not there in figure
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Figure 2.11. VLIW architecture with exposed datapath (republished with permission [12])

But internal bypassing is needed for read/write operations inside the RF. An extra MUX is
present there for this purpose. This architecture is much cheaper to implement compared
to an RF with multiple ports as the bypassing is restricted within one FU.

Though TTA architectures can support most cases where the use of RFs can be elim-
inated, their scheduling is quite limited. All operands are specified at once and hence,
they are read at the same time. Subsequently, the possibility of bypassing the results
from previous cycles is reduced. In order to introduce more scheduling opportunities,
data transports towards operand ports are separately presented. Operations start when
a transport is issued to a preset trigger port. This is the major difference between TTAs
and OTA.

Since the operand values need to be stored while waiting for the starting of the opera-
tions, TTAs can use registers in operand and result ports. By decoupling data transfer
of an operation’s operand and results, this design allows for the final optimization where
successive operations in the same FU can reuse one of the operands. [12]. Figure[2.12]
represents an example of a similar TTA design with connectivity similar to VLIW.

In a VLIW template, all the FUs, RFs, and CU are connected with buses through input
and output sockets. Together they form the IC Network. Each bus can carry out one
data for an FU. Therefore, for implementing parallelism, the number of buses should be
proportional to the number of FUs. That means the number of buses grows linearly with
the number of FUs. As a result, the IC network design for a large system becomes
quite impractical. Furthermore, even though more buses indicate a higher level of ILP, a
program can only carry out parallelism to a certain limit.

TTA architecture can provide a solution to this IC network problem. |IC network can be
optimized by merging rarely used buses together. This helps to customize and remove
rarely used connections. This simplifies the hardware implementation and reduces the
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Figure 2.12. An example of TTA with VLIW-like connectivity

width of the instruction word. [12]

For a fixed set of features, FPGAs are a practical choice than ASICs for their lower NRE
costs [1]. This enables vigorous tailoring of soft processors for the required application.
TTAs can utilize this aspect due to their larger design space resulting from a highly cus-
tomizable IC network. Especially, pruning the IC of rarely used connections has a direct
impact on the multiplexer size.

The TTA approach is also flexible to use for the transformation of RISC or SIMD proces-
sors. A previous study [12] has proved, while transforming from OTA to TTA, due to static
scheduling, TTA implementations do not require additional logic for resolving pipeline haz-
ards. The compiler takes care of this issue. Moreover, for TTAs, the instruction word maps
more directly to the multiplexer control signals making instruction decoding quite simple.
These combined factors result in higher maximum frequency and better performance. A
previous study [3] also points out that TTAs are very convenient as small soft processors.

2.7 Application-Specific Processors

Application-specific processors are aimed to perform some specific set of tasks for any
particular purpose or functionality. Some common examples of such processors are net-
work interface chips, cell phone chips, graphics accelerators, etc. Application-specific
instruction-set processors (ASIP) can be implemented as new ASICs or in FPGAs as soft
cores. They are used for specific applications providing a trade-off between flexibility and
performance.
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FPGAs, on the other hand, are extremely flexible and thus, also suffer from the flexibility
in the overheads. It can be instantly programmed to work as per the design requirement
of the project. The designs running on FPGA’s are generally created using hardware
description languages like VHDL and Verilog. They have limited operating frequency and
consume more power compared to the same digital logic implemented directly on the
chip, without FPGA. Their re-configurable aspect gives great flexibility for creating SoC
prototypes and validating designs [22]. More about FPGAs is discussed in[3]

2.8 TTA-Based Co-Design Environment (TCE)

There is a specific set of tools available to aid hardware-software co-designing for the
TTA processors. This is known as the TTA-Based Co-Design Environment (TCE) [23]. It
has attributes like graphical interface for processor design, retargetable compiler based
on LLVM [24], and instruction set simulator. The task of this compiler and cycle-accurate
simulator is to re-target the designed architectures. It can be used to generate synthesiz-
able RTL implementations of the designs [295].
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Figure 2.13. An example of a TTA design

Figure [2.13] represents a TTA processor template designed using the TCE toolset. The
template generally consists of a number of FUs and RFs connected by the IC network.
Every unit has one or multiple input and output ports. One input port of each FU must
have to act as the trigger for the operations of that specific FU. The operands and results
can be bound to any of the available input and output ports respectively, at any cycle, as
per the requirement of the program. However, the cycles in which read /write operations
take place specifies the latency for the FU.

For instruction fetch through branching and subroutine call, a control unit (CU) is intro-
duced in the design. It defines the branching latency and number of delay slots. IC
network is composed of buses, each of which corresponds to one move in the instruction
word. A move can be issued between any two source and destination sockets connected
to the bus. Any socket can be connected to any combination of buses and to any number
of ports. Each bus may have short immediate value. For long immediates, separate FU
is used.

There are a number of parameters for the processor generator that would generate the
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RTL description as per requirement. The CU also has a number of optional features.
FU and RF implementations are picked from the hardware database. FUs can also be
constructed using VHDL or Verilog codes describing each operation.
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3 FIELD PROGRAMMABLE GATE ARRAYS (FPGAS)

Field Programmable Gate Array (FPGA) is a semiconductor device family that offers a
lower entry barrier than ASICs [1] to the field of logic design. They are widely used for their
re-configurable architecture and accessibility than other similar devices in the market.
Renowned cloud service providers like Amazon Web Service [26] and Huawei [27] have
servers with FPGA devices.

FPGAs are built with a series of logic blocks. These are called configurable logic blocks
(CLB). Logical cells made of LUTs are stacked into a block to create each CLB [28].
These blocks are connected through interconnects which can be programmed as per re-
quirement. FPGAs can be reprogrammed depending on the functionality requirements
of the application [29] making them compatible with designing application-specific pro-
cessors. This is one of the major reasons for their popularity and wider adoption over
ASICs.

This chapter provides an introduction to the general concepts related to FPGAs, their
working procedure, and configuring techniques. This chapter also discusses in detail the
architecture of different blocks inside an FPGA device and ends with a short discussion
about the design tool Xilinx-Vivado that has been used for this thesis.

3.1 Architecture of FPGAs

The FPGAs are nowadays frequently used technology for electronic system developers.
Due to their reprogrammable nature, they offer easy designing, debugging, and imple-
mentation for hardware applications. Compared to developing a custom silicon prototype
for each application which can cost millions to produce and test, reconfiguring FPGAs is
cost-efficient as well as saves both time and money.

With time, FPGA architecture has evolved significantly. FPGAs currently used can effi-
ciently accommodate an optional system on chip (SoC) [30], integrating programmable
logic with hard processor cores. FPGAs are specially differentiated from other similar
devices for their architecture and computer-aided design tools [31]. Designing for FPGAs
requires an immense understanding of these technologies. Modern architectures provide
a wide span of resources for implementing desired functionalities on FPGAs.
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3.1.1 Logic Block architecture

FPGAs are built with programmable logic blocks for implementing logic functions, pro-
grammable routing for interconnections, input/output blocks, etc. The utilization of FPGA
devices is measured by the utilization of look-up tables (LUT), DSP blocks, and RAM
blocks present in them. FPGA computing is largely dependent on LUTs as the LUT-
based structure of programmable logic blocks is widely popular and is used to implement
arbitrary logic functions.

The concept of lookup tables (LUT) is quite simple to understand. This is a customized
truth table loaded with values relevant to the FPGA, based on the programmer’s specific
needs and instructions. There are some values arranged in the cellular form in a lookup
table. A combination of input signals is used as a pointer to search for results. Each of
the input combinations points towards a specific cell containing the desired value. A LUT
can be considered as a small piece of RAM that is loaded whenever the FPGA chip is

powered up.
16-bit SR
16x1 RAM
a ==} 4-input >
LUT
b A
mux

!

flip-flop >

clock

clock
enable

set/reset

Figure 3.1. An example of a logic cell

LUTs are implemented by a number of inputs and outputs. An n-input LUT is able to carry
out any n-input combinatorial logic function. More complex functions can be represented
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by adding more inputs. But with every added input, the number of SRAM cells is doubled.
Initially, 3-input LUTs were used for FPGAs. Gradually they evolved to have 3-, 4-, 5-, and
even 6-input LUTs. This kind of development allowed developers to create devices by
combining LUTs of different sizes (E.g. 3-input and 4-input LUTs). This was believed to
imply optimal device utilization. But for logic synthesis, synthesis tools worked best under
uniformity and regularity. [32]

As FPGA vendors are moving forward to bigger LUTs, the chances of spending all of
a larger LUT on a smaller logic function increases. Therefore, they are adopting LUT
architectures which can be used as multiple smaller LUTs, to avoid this issue. Xilinx
devices can be used as examples. Presently used Xilinx devices have LUTs that can
implement 6-input, single-output, or even 5-input, 2-output logic function. This enables
the LUT to apply multiple smaller, such as 3-input and 2-input functions. Thus, the input
and outputs of the LUTs can be customized as per the desired application. [12]

Figure [3.1]shows a simplified example of a logic cell (LC). This is an example of a modern
FPGA core cell. Different inputs of the circuit such as polarity of the clock, enable port, and
set/reset port can be configured as per requirement. The registers can also be configured
in a way, so they can be used as latches or flip-flops as needed by the application. [32]

3.1.2 Memory Blocks and Registers

FPGAs need the support of DSP blocks and memory blocks for enhanced performance.
They contain a number of small memory blocks or modules. All contemporary FPGAs
contain memory blocks that comprise most of their area. Each of these can be used inde-
pendently or combined to form larger memory blocks of any combination. Furthermore,
they offer a variety of configuration options, such as multi-port or multi-registered func-
tionality allowing simultaneous read and write operations [31] for data and address. This
is one of the major advantages of FPGAs.

Register files are implemented in FPGAs as storage elements in multiple ways. Using
block RAMs (BRAM) is one way to implement RFs. These are fast to access, large, and
offer flexibility. Generally. temporary data are stored in register files so that ALU, floating-
point units, or any computational engine of the digital application can easily access them.
These register files are usually implemented with the adaptive logic modules (ALMs),
each of which consists of two D-flipflops (D-FF). That means a 32-bit register has 16
ALMs. Static memory blocks can also be used for this purpose. Arithmetic blocks also
have register files that can be used for pipelining arithmetic operations and bypassing.

An example circuit of a register file is shown in figure In order to put the data on
the data line or bit line, the register select signals (eg. sel_reg0, sel_reg1, etc.) are
used for enabling the correct register. WE generates the control signal which is used for
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Figure 3.2. An example of the internals of register files

determining read/write operation in the register. The register identification (reg_id) points
out the register to be accessed with the help of a one-hot code-word generating decoder
that selects the desired register.

On-chip memory for processors can be built using individual registers. These are efficient
for the smallest register files. However, smaller memories are not as flexible as the indi-
vidual registers. But, they are faster and have better resource-efficiency. For example,
Xilinx devices can provide multiple read ports. But the write port is restricted to one [12].

For larger memories like caches or local scratchpad memories, FPGAs are based on
static RAM (SRAM) cells. These cells are reconfigurable and can be configured multiple
times without any damage. The SRAM blocks usually have two bidirectional ports. These
memory blocks have a word width of power of two. But for storing, their widths are slightly
over the nearest power of two. [12]

3.1.3 DSP Blocks

Even though LUTs are the most flexible component of FPGAs, these are not enough
for the implementation of complex arithmetic. Furthermore, only LUT based architecture
causes huge power and area consumption.

To enhance performance and accelerate arithmetic computations, hard blocks are used
nowadays. These blocks include embedded memories and integrated DSP blocks. Using
the DSP blocks which are entirely made of dedicated silicon confirms the better perfor-
mance and lower power usage [33].

In order to enable DSP processing, today’s FPGAs have discrete multipliers. DSP appli-
cations constitute a pipelined network of DSP operations and data flows through these
pipelines. Finite impulse response or FIR is an example of DSP filters.

An FIR is made of some adders, multipliers, sample delay blocks, and memories for
coefficients. Multipliers and adders are used for implementing the pipelines for filtering
or any other DSP applications. This pipelined network can also be implemented as an
FPGA circuit.
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Figure 3.3. Generalized structure of a DSP flow graph

According to the manual published by Xilinx [30], their FPGAs support operation up to 500
MHz with the provision to use up to four levels of pipelining. Xilinx FPGAs consist of DSP
blocks equipped with an 18x25-bit multiplier, a 25-bit pre-adder, and a 48-bit accumulator.

Kizheppatt et.el. [34] states Altera, which is now a part of Intel, uses ALMs as the basic
building blocks in their FPGAs. ALMs contain an 8-input LUT that can be split as per the
required combination of input and output, 4 flip-flops, and auxiliary circuits like adders
and multiplexers. In addition, memory blocks in columns and variable precision DSP
blocks were added for efficient implementation. This kind of combination of various logic
elements, routing resources, DSP, and memory blocks enables developers to implement
partial reconfiguration.

3.1.4 Routing Architecture

FPGAs have programmable routing for providing connections among different logic blocks
to a custom circuit designed by the user. This routing is made of wires and programmable
switches which help to make the required connections. Programmable routing structures
contribute to a major portion of the FPGA area, its delay, and power consumption. Hence
an optimized routing architecture ensures the overall performance of FPGAs [35].

Intel shows a high-level description of the routing network of their Stratix 10 devices [36].
These devices have registers embedded in their routing network for allowing the synthesis
tools more flexibility in register placement [12] [37]. General-purpose routing resources



27

are higher in quantity with a high degree of connectivity through switches. There are also
fixed connections between logic elements. Figure[3.4]is an example of a routing network.
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Figure 3.4. An example of a high-level description of the routing resources

The IC network in the FPGA consumes the most power as all communication among dif-
ferent blocks takes place through it. This is why routing architecture is of ultimate impor-
tance when power optimization is considered. FPGAs use routing channel segmentation.
These routing tracks are then divided into wire segments. Each wire segment is of a
different length.

Generally, the use of shorter segments provides better routability and reduces power
consumption. It also decreases excess net loading and gives high logic density. However,
short segmented net routing means more switch points and hence, higher delays. Using
longer segments can minimize delays. But they need more routing tracks causing more
power consumption and low logic density.

The exact routing details vary from vendor to vendor and device families. However, some
general rules apply in all cases. Researches [38] [39] have proved that a combination of
segment lengths in different routing tracks can significantly affect IC performance. This,
in turn, has a great impact on overall FPGA performance. Therefore, an optimum average
segment length combination is chosen for various routing tracks in practice.
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3.1.5 Input/Output (I/0) Architectures

The logic, memory, DSP and routing structures described so far serve as a general-
purpose platform for different applications. This platform needs to communicate with
external components that are to be connected to an FPGA. This communicating interface
is established through dedicated input/output (I/O) channels on FPGAs.

The I/O ports along with the logic and circuit supporting them are together known as 1/0
cells. These cells are very important components of FPGAs. They work as the interface
for setting the external communication rate and speed. These cells and their surroundings
occupy a large segment of the FPGA area.

General-purpose logic structures are usually able to implement any digital function. But
I/O cells are restricted to implement the standards pre-selected by the designer. So, some
trade-offs are necessary while designing. Hence, the selection of standards supported by
it is an important decision for I/O architecture design and should be carefully chosen. But,
making this decision is a complicated job. Selecting more standards causes a notable
increase in the area required by the I/O cells. With each supported standard, the pin
capacitance might increase, limiting the peak performance [31].

In contrast, the flexibility offered by FPGAs includes the ability to support different signal-
ing standards. So, a limited number of standards directly conflict with the flexibility aspect.
As a result, in most cases, these decisions are taken depending on the business factors
of the vendors rather than the technical factors [31].

3.2 Resource Utilization in FPGAs

The generally accepted norm, for an architecture to be efficient, is that it should occupy
the minimum possible area without hampering the operations it is supposed to perform.
This indicates the design can fit into smaller FPGAs or it can perform better in the same
space. Each FPGA contains a fixed amount of resources. Not using some of these
resources does not necessarily mean saving those resources.

If a larger design can be fit into the FPGA, more throughput can be achieved at a the-
oretical maximum, as well as the number of vector additions or any other operation. If
the design and the comparison have the same arithmetic and SIMD width they should
have the same (or very similar) DSP utilization; the improvement comes from the leftover
space, the difference will be in LUTs.
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3.3 Designing Tools for FPGAs

Algorithms can be implemented on FPGAs by RTL design. This is a very low-level design
method. Furthermore, despite some general conceptual similarities, the design language
is very different from other software programming languages. So, high-level synthesis
tools are used for transforming software programming language to a description which
the synthesis tool can use for implementing the design on the FPGA.

Overlay architectures are a collection of coarse-grained components. This is another
method for mapping algorithms to FPGAs. These components can be implemented on
top of FPGA fabric, allowing higher levels of abstraction for programmers.

3.3.1 Xilinx-Vivado

Xilinx is one of the leading semiconductor manufacturers of standard FPGA chips. For this
thesis, Xilinx FPGA ZYNQ Z7020 has been used for evaluation and verification. Vivado
is the design tool used for programming this FPGA. Vivado design tools aid in all phases
of FPGA designs. This offers support for loading design, simulation, synthesis, placing
and routing, generating bitstream, debugging, and verification. It contains services for the
development of software targeted for FPGAs as well.

The working procedures for this tool are clearly explained in different manuals, books [30],
and internet sources [22]. This is revisited here in short. After loading the necessary files
into the tool, the synthesis would be the first step towards processor generation. The RTL
code is architecture-independent. Synthesis maps this code into primitives specific to the
technology. Although synthesis tools are there to spare users from details, having knowl-
edge of device primitives helps in fine-tuning synthesis behavior. Synthesis transforms
the behavior code into a gate-level netlist. When the user loads the HDL based design, a
syntax check starts the process. Then it is optimized by logic reduction. Redundant logic
is eliminated and the size of the design is reduced. This makes it faster to implement.
Finally, the technology is mapped out by connecting the design to the logic, estimating
the required time, and executing the design netlist. It is then saved for the next step

Synthesis is followed by implementation. Here, the layout of the synthesized design is
determined. At first, the tool gathers all constraints, such as - assignment and position of
the pins, maximum delay, etc., set by the user along with the netlist files. After that, the tool
compares the resource requirement specified in the netlist files to the resources available
on the FPGA. The circuit is divided into logic blocks. The entire design is mapped-out in
specific logic blocks into the FPGA. Next, all signals are connected and routed according
to the user-defined constraints among all the logic blocks and I/O blocks.

The next step is to load the mapped out and completely routed design into the FPGA. For
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this, Bitstream file is generated and loaded onto the FPGA board using a flash program-
mer device. After that when the FPGA is run, the board acts as the designed application.

Different reports are available after synthesis and implementation. The timing summary
shows different types of slacks. The difference between the arrival time for the timing
path and the required time is called slack. When a signal travels from the starting point of
the timing path to the endpoint through the combinatorial logic within the time limit that is
required for the circuit to operate correctly, it is called a positive slack. On contrary, for a
negative slack, the data signal exceeds that limit resulting in the failure of correct circuit
operation.

The design has to meet the minimum and maximum period, high pulse and low pulse
time requirements, etc. for each clock pin. It is checked through the pulse width report.
There are some requirements for maximum skew between two clock pins. This report
checks whether this requirement is met in the implemented design at the same instance.
There are also reports regarding power consumption, utilization, etc. to help in making
decisions.

There are simulation checks available at every level. Usually, behavioral simulation is
done at the design entry level. functional simulation is done after synthesis and timing
simulation is done at the implementation level.
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4 IMPLEMENTED ARCHITECTURE TEMPLATE

The TCE toolset can automatically generate RTL description for a processor architecture
and a parallel program by compiling a higher-level program to this architecture. But this
default RTL can be further developed with a better optimized TTA architecture for FPGAs.
Various research is going on regarding the implementation of various modifications in the
TTA architecture to make the design more efficient for FPGAs in regards to better speed,
power, and area. However, these improvements are always a bargain among available
resources and costs.

In this chapter, the basic idea regarding the exposed SIMD datapath connectivity on FP-
GAs is explained. The architecture template previously used in the TTA-SIMD Soft Core
Processors conference paper, is also described in short. Furthermore, some light
is shed on how the new reduced connectivity, theoretically, is more efficient than the old
template; the details about which will be discussed in the next chapter.

4.1 Wide SIMD-TTA Soft Core Baseline

In this section, a wide SIMD-TTA softcore template, used in the paper is discussed. The
simplified template is shown in figure[d.1] This template has been drafted with the help of
the TTA-based Co-design Environment’s (TCE) extended version. Some features for
SIMD architectures have also been implemented in this template.
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Figure 4.1. A generalized idea of wide-SIMD TTA template @]
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The TTA-based SIMD machines demonstrated in the paper has one set of buses for scalar
FUs and another set for SIMD FUs. Scalar FUs are used for branching and calculating ad-
dresses, whereas SIMD FUs execute the computations mostly. The connections among
the busses ensure that there are no unnecessary and hardly needed connections. This
helps in minimizing logic utilization. There are two identical scalar ALUs complemented
by a 4-cycle barrel shifter. Each ALU can perform basic arithmetic, comparison, and bit-
wise logic operations. For the SIMD ALU, the operations, latency, and vector width can
be customized based on the application. The SIMD and scalar busses can communicate
with each other through two FUs. These are a scalar-to-SIMD broadcast operation and
a SIMD-to-scalar element extraction operation. There is another FU containing a set of
predefined shuffle operations for reducing the implementation complexity further. There
are two LSUs. One of them is aligned with the vector load and store. The other one is
aligned with 32-, 16- and 8-bit loads and stores. The scalar LSU shares a 32-bit port to
local memory with the slave AXI interface accessible from the ARM processing system.
This helps in reducing logic complexity.

simtta-8x128.adf

Figure 4.2. 8x128 architecture based on wide-SIMD TTA template

In figure an architecture based on the wide-SIMD TTA template [25] is shown. This
architecture is for an 8x128 (1024b) machine.

4.2 Reduced Connectivity Architecture

The interconnection (IC) network is one of the basic yet crucial components for the TTA
processors. It could be the largest component to affect the critical path. This is due to the
reason that instructions and data are transferred among the FUs and RFs through these
interconnections (ICs). Hence, modification in this IC network can highly affect the TTA
performance. This reduced connectivity architecture refers to connectivity reduction for
the data path only. Control path and control signals are out of the scope of the thesis.

Many TTA templates have been successfully implemented and tested on FPGAs previ-
ously. This thesis is a part of a research that studies different connectivity strategies for
TTAs for implementing on FPGAs by digging deep into the TTA interconnection (IC) net-
work structure laid in different FPGA fabrics. But instead, Here, an early result of the
research is presented by exploring a reduced connectivity strategy for TTAs especially
optimal for FPGA implementation.
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The IC design template is to be implemented manually mostly. While optimizing, it is
possible to access some automated IC optimizer. All FUs will not be connected to the
RFs directly. The plan is to connect the LSUs to the RFs through the ALUs.

Each architecture based on this template must proficiently carry out some specific work-
loads when programmed. Since the IC network will be manually designed and there is
no typical connection among all FUs and RFs, the compiler available in TCE might not
be able to load any high-level language to the designed processor template. But it should
work for hand-crafted assembly programs. Subsequently, we verify each architecture with
assembly code.

( AXI )

Memory

Memory decode&arbitration

.
|

Figure 4.3. Top-level organization of the reduced connectivity architecture template

The high-level design for the template is as such, the LSUs are directly connected with
the memory on top of the design. For the vector side of the template, the loads and store
units are in separate FUs. Each LSU is connected to a dedicated ALU for generating
memory addresses. These are known as address generation units (AGU). The LSUs are
also connected to one or more VALUs, depending on the requirement of the program.
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These are then connected to the RFs. Thus, there will be no direct connections between
any of the LSUs and the RFs. The only connection would be through the ALUs.

The scalar part of the template has simpler connections compared to the vector section.
The main purpose of this section is to implement branching, base address computation,
index computation, etc. The scalar LSU is connected to the RFs through the scalar ALU.
This is also connected to the AGUs for providing the base address and other complex
arithmetic.

Figure shows the top-level organization of the reduced connectivity architecture. In
this figure, bi-directional connectivity is represented by an edge without arrows. Arrows
denote a unidirectional connection. It is clearly visible that the RFs are connected only to
the ALUs. Not connecting to the load units directly saves connectivity. The ALUs next to
LSUs have only bypass connections to the load units. The scalar side is also connected to
scalar ALU through bypass connection. The bypass network is customized to contain only
the reasonable bypasses such as (V)ALU to LSU, ALU to LSU for address computation,
LSU to ALU.

At the top level of the loop kernel, architectures based on the reduced connectivity tem-
plate should be able to load the next vector operands, add the current vector, and store
the previous one - all in parallel. In addition, it has to compute memory addresses for
the two inputs and output in parallel in order to point towards the next inputs and output
vectors in the memory. It also has to perform bounds checking and branching. All these
are to be done in one single cycle.

4.3 Comparison between the Architecture Templates

The two architecture templates explained are both applicable for parallel, pipelined, and
SIMD computation. However, one of the major differences between them is in the IC
network. In the case of the conference paper template, the data can be stored and
transferred through the RF units. That means, the LSUs had direct connections with
the RFs. But in the template with reduced connectivity, there are no direct connections
between the LSUs and the RFs. These are connected through ALUs. RFs are used
only when absolutely necessary. Data can be transferred from the memory to LSUs or
between the VFU and the VRF. This increases the number of FUs in the template. But
considering the benefits it brings to the design, this is a small trade-off.

The paper architectures have local memory - both for storing data i.e the data address
space and for the stack and OpenCL kernel arguments (the param AS). This means, all
the data is close by to use by the processor - which is important especially with the stack,
but without access to off-chip memory through the AXI master. It requires the OpenCL
runtime or, whatever is running on the host processor, for transferring data between the
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off-chip memory and local memory. The reduced connectivity template only has memory
access through AXI; which means every access has more latency but it can handle a
larger memory. It is a pretty standard trade-off between small and fast memories and
large and slow memories; although usually it's not controlled directly by programmer-
visible means in a dynamic cache.

Furthermore, the architectures based on paper template perform only one SIMD opera-
tion per cycle, theoretically. But in reality, it needs multiple cycles to start a vec-add in a
loop due to the address computation in the loop, loop overhead instructions, etc. On the
contrary, this thesis architecture template increases the efficiency, apart from the vector
operation itself, by making it possible to perform four operations (one address calculation,
two loads, and one store) in each cycle. This is further explained in chapter [5]
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5 EVALUATION

This chapter consists of a performance evaluation of a set of developed TTA architectures
based on a reduced datapath connectivity template. The reduced connectivity architec-
ture template, designed in this thesis, has been crafted by the integration of components
and programmed using software pipelining. The architecture template is designed and
the assembly code is written as such, it ensures that the template is able to perform one
vec-add operation in each cycle, which will be explained in this chapter. To measure the
performance, the architectures were synthesized and implemented on the FPGA ZYNQ
Z7020 (speedgrade-1).

The performance of the design is validated in terms of the critical path, maximum fre-
guency, and resource utilization analysis. A hand-crafted program for the vec-add oper-
ation has been tested for different machines with a similar structure for different vector
sizes. Then, their results are compared with each other - firstly, among the same sized
machines with vectors of different arithmetic precision; and secondly, among different-
sized machines with vectors of the same precision (32b). Next, the results are evaluated
and compared to the normalized outcomes of the architecture represented in the con-
ference paper TTA-SIMD Soft Core Processors [25]. For the rest of this chapter, the
conference paper template is referred to as Wide SIMD-TTA Soft Core architecture or
paper machines or the paper template.

5.1 Description of Architectures Based on Reduced Connectivity
Template

For testing and verification of different features of the proposed reduced connectivity TTA
architecture template, 5 different architectures were designed for 4 different vector widths
(128b, 256b, 512b, and 1024b). Due to the aggressively reduced connectivity, tcecc
command is currently unable to compile any high-level code for the proposed template.
As a result, a handcrafted assembly code is written for each of these architectures and
then compiled to verify them in the FPGA. This connectivity strategy is under research
and based on the results from this thesis, the research will be taken further that includes
improving the compiler.
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5.1.1 The Architecture

in figure an architecture based on the reduced connectivity template is shown. This
architecture is for a 32x4 (128b) machine.

Figure 5.1. 32x4 architecture based on reduced connectivity template

There are nine FUs. V_load _1,V_load _2, and V_store are for loading the two vectors (A
and B) and storing the result (C) respectively. ALU_Id_1, ALU_Id_2, and ALU_st calculate
the address space for loading the vectors and moving to the next address. Scalar_ALU
and Scalar_LSU are for starting address space calculation. They also assist in loop
iteration. There are three RFs - for BOOL, for address space (RF_32), and for vectors
(RF_128); one long immediate unit (IMM) and one global control unit (GCU).

For the load-store units, both scalar and vector, the latency is 3. But in the case of all the
ALUs, the latency is 2 for addition operation.

5.1.2 The Assembly Code

In figure the hand-crafted assembly code for 32x4 (128b) architecture is shown. In
the first 4 cycles, the RF_32 is loaded with the initial starting addresses for address space
calculation for vector load-store operations and loop iteration. The code is written as such,
it repeats after every 4 vector additions are performed and the result is stored; and it can
execute a total of 12 iterations.

Figure 5.2. Hand-crafted assembly code for the 32x4 architecture

From cycle 5 to 8, address space calculation proceeds defining 8 addresses for loading
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4 of each input - A and B vectors. Based on the latency, the input vector loading at those
defined addresses starts from cycle 7 and continues until cycle 10. The address space
calculation for the vector store unit starts from cycle 10. The input loads in the VALU also
starts at the same cycle. Storing the result vector (C) starts from cycle 12 and ends at
cycle 15. Finally, the ending addresses replace the initial addresses stored in the RF_32.

The loop calculation starts from cycle 11. The Scalar_ALU checks whether 12 additions
have taken place, or not. If not, the loop restarts from cycle 5. When all the 12 additions
are done and the result is stored in 12 different address spaces, the loop is discontinued
and the program comes to an end.

5.2 Results

Similar assembly codes are tested on similar architecture templates and the output of
different machines is obtained. These results are compared with each other and also
with those of the outcomes from the Wide SIMD-TTA Soft Core architectures for the same
vector width. In this section, the results are evaluated based on the critical path, maximum
frequency, and FPGA utilization.

5.2.1 Critical Path

Critical path and timing summary are important factors to understand the speed of the
architectures. These factors define the highest possible speed for the designs. Slack
helps in static timing analysis by indicating whether timing has been met across a timing
path.

Figure 5.3 shows timing summary for 16x8, 32x4, 32x8, 32x16 and 32x32 machine archi-
tectures. The machines are tested at the highest possible frequency at which they can
run successfully with positive slacks. All the machines have positive slacks after imple-
mentation on FPGA, which means the designs pass the timing constraints.

Depending on the vector widths, the architectures based on the thesis template have
various ranges of critical paths. Table shows the critical path data for the thesis
architectures.

The highest critical path delay is seen for 1024b machine architecture, which is 9.094ns.
For this machine, the critical path started from the on-chip data memory and ended at
the FU for scalar LSU. For other thesis architectures, however, the route for this path is
different. The starting point of the critical path is RF_32, which is the register for the scalar
part; and the ending point is in the out-port of the ALU for the second vector load FU.

Since the critical path starts from scalar register files, the delay is not affected by the
vector part of the architecture template. This means the SIMD part of the design does not



Design Timing Summary : 8x16

Setup Hold
Warst Negative Slack (WNS): 0,186 ns Worst Hold Slack (WHS): 0.012ns
Total Negative Slack (TNS):  0.000 ns Total Hold Slack (THS): 0.000 ns
Number of Failing Endpoints: 0 Number of Failing Endpoints: 0
Total Number of Endpoints: 21740 Total Number of Endpoints: 21740

All user specified timing constraints are met.

Design Timing Summary - 32x4

Setup Hold
Worst Negative Slack (WNS): 0,051 ns Worst Hold slack (wHS): 0.012ns
Total Negative Slack (TNS):  0.000 ns Total Hold Slack (THS): 0.000 ns
Number of Failing Endpaoints: 0 Number of Failing Endpaints: 0
Total Number of Endpoints: 21488 Total Number of Endpaints: 21488

All user specified timing constraints are met.

Design Timing Summary : 32x8

Satup Hold
Worst Negative Slack (WNS): 0,133 ns Worst Hold Slack (WHS): 0.030ns
Total Negative Slack (TNS):  0.000 ns Total Hold Slack (THS): 0.000 ns
Number of Failing Endpaints: 0 Number of Failing Endpaints: 0
Total Number of Endpoints: 28283 Total Number of Endpeints: 28293

All user specified timing constraints are met.

Design Timing Summary : 32x16

Setup Hold
Worst Negative Slack (WNS): 0.037 ns Waorst Hold Slack (WHS): 0.023 ns
Total Negative Slack (TNS):  0.000 ns Total Hold Slack (THS): 0.000 ns
Number of Failing Endpeints: 0 Number of Failing Endpoints: 0
Total Number of Endpoints: 42108 Total Number of Endpoints: 42106

All user specified timing constraints are met,

Design Timing Summary : 32x32

Setup Hold
Worst Negative Slack (WNS):  0.190 ns Worst Hold Slack (WHS): 0.025 ns
Total Negative Slack (TNS): 0,000 ns Total Hold Slack (THS): 0,000 ns
Number of Failing Endpaints: 0 Number of Failing Endpoints: 0
Total Mumber of Endpoints: 69960 Total Number of Endpoints: 69960

All user specified timing constraints are met.

Figure 5.3. Timing summary for different reduced connectivity architectures

Pulse Width

Worst Pulse Width Slack (WPWS);

Total Pulse Width Negative Slack (TPWS):
Number of Failing Endpoints:
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Pulse Width
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create any bottleneck in the workflow while the processor is running. This is one of the

positive aspects of the design.

The critical paths for thesis architectures also indicate that the scalar part of the design
is too complicated. This creates a long chain of propagation delay. This could be one
cause for the current critical path delay. Furthermore, apart from being used during the
initialization of the starting address for vector loads and stores, the scalar part is also
used for loop count. As the same resource is utilized for executing different operations,
the execution time is much slower. A solution to this could be simpler and less complicated
interconnections for the scalar part, to help in better loop enrolling and other functions.
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Table 5.1. Critical Path of reduced connectivity architectures

Precision | Architecture Critical Path
Delay (ns) From To
8b 128b 7.473 /rf_RF_32/Ivt_r_reg[18]/C /fu_alu_st_generated/
data_out1_2 r_reg[29]/D
32b 128b 7.155 /rf_RF_32/Ivt_r_reg[17]/C | /fu_alu_ld_2_generated/
data_out_2_r reg[25]/D
32b 256b 7.729 /rf_RF_32/Ivt_r_reg[10]/C /fu_alu_ld_2_generated/
data_out_2_r reg[31]/D
32b 512b 8.640 rf RF_32_R2_opc_ /fu_alu_ld_2_generated/
reg_reg[1]/C data_out_2_r reg[31]/D
32b 1024b 9.094 /onchip_mem_data/RAM_ | /fu_scalar_Isu_generated/
APR_reg_38/CLKARDCLK data_out_1_r_reg[5)/D

This might help reduce the critical path delay even further.

5.2.2 Maximum Frequency

In table[5.2] fmax found for different machines for a hand-crafted vec-add is shown. It also

shows the maximum clock frequency for the machines with a similar vector width, used in

the paper.

Table 5.2. Maximum frequency and operations per second (OPS) for different architec-

tures

. _ Thesis Template Paper Template
Precision | Architecture
fmax (MHZ) | OPS | fmax (MHZ) | OPS

8b 128b 128 128 155 51
32b 128b 135 135 153 51
32b 256b 123 123 145 48
32b 512b 115 115 115 38
32b 1024b 103 103 108 36

For smaller machines, fmax from the older design is much higher than the ones received
from the modified design. For 512b, both the architectures resulted in the same maximum
frequency, which is 115 MHz. For 1024b, fmax for older architecture is 5 MHz higher than

that of the new design. But, this is a very unexpected result. Because connections are

removed in the thesis template, which should mean the complexity reduces and thus the
clock frequency increases. The reason behind this is, the machines based on the Wide
SIMD-TTA Soft Core template is not exactly the same as that of the thesis machines. The
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machines based on the Wide SIMD-TTA Soft Core template are much larger in functions;
those are not just limited to vec-adds. Based on different functions and operations, the
Wide SIMD-TTA Soft Core template implements different latencies and pipelining.

Because of the aforementioned reasons, a comparison between these two architecture
templates based on the fmax only does not add much to the evaluation process. To make
this more meaningful, the table also includes peak operations per second. Hence, we
need to normalize the data received from the architectures based on Wide SIMD-TTA
Soft Core. For this, operations per second (OPS) is used.

The architectures and peak operations per cycle are different for Wide SIMD-TTA Soft
Core and thesis templates. As explained in assembly code, architectures based on the
thesis template can perform 1 operation per cycle. On the other hand, the architectures
based on Wide SIMD-TTA Soft Core perform 1 SIMD operation per 3 cycles i. e. one-third
operations per cycle. We can obtain the OPS for thesis architectures by:

OPS = Maximum frequency X operations per cycle

In figure [5.4, we can see a comparison between the OPS for architectures based on the
thesis and Wide SIMD-TTA Soft Core templates. The architectures have the same vector
width, which is represented along the X-axis. Along the Y-axis, the OPS is portrayed.
The blue line indicates the OPS for architectures based on reduced connectivity template
and the orange line shows the OPS for the Wide SIMD-TTA Soft Core template-based
architectures.
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Figure 5.4. Chart showing a comparison between OPS for architectures based on Thesis
and Wide SIMD-TTA Soft Core templates
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In the chart, we see that for smaller machines, OPS for architectures based on Wide
SIMD-TTA Soft Core are pretty much similar. However, it decreases for 512b; but again
goes up for 1024b. But in the case of thesis architectures, for the same vector width, OPS
is better for arithmetic precision 32 than 8. But OPS shows a decreasing trend as the
element count increases, for a fixed arithmetic precision (32b, in this case). This could
be due to the reason that, as the vector width increases, FPGA needs more resources
to perform the same operation. The address spaces also get larger. More resources
mean more timing constraints and as a result to meet those constraints a lesser number
of operations take place per second. And for the same reason, the maximum frequency
also declines.

5.2.3 FPGA Utilization

FPGA utilization numbers are related to its area efficiency or resource efficiency. Area
or resource usage must be compared to the number of operations performed per second
per occupied area. For this reason, utilization can be the metric of the peak number of
OPS per consumed resource. In Table 5.3 FPGA utilization numbers in respect of LUTs,
DSP blocks, and RAM blocks are shown for the thesis architectures. Here, percentages
indicate how much of the resources available on the FPGA is consumed by the compo-

nent.
Table 5.3. FPGA utilization of reduced connectivity architectures
Precision | Architecture LUT DSP blocks | BRAM blocks | DRAM blocks
8b 128b 6746 (12.68%) 19 (8.64%) | 68 (48.57%) 432
32b 128b 6639 (12.48%) 15 (6.82%) | 68 (48.57%) 432
32b 256b 9208 (17.31%) | 27 (12.27%) | 68 (48.57%) 600
32b 512b 14051 (26.41%) | 51 (23.18%) | 68 (48.57%) 944
32b 1024b 24187 (45.46%) | 99 (45.00%) | 68 (48.57%) 1624

From the table, we see that for 128b vector width, the utilization numbers for 32b precision
is better than 8b precision. This is because, as the precision increases, fewer resources
are needed for performing the same operations. For the same vector width, we can expect
better efficiency as the peak OPS is reduced when wider datapath is used. However, it is
true for all SIMD template. For a fixed vector width and a narrow data type, more parallel
operations can be executed.

On the other hand, for the same arithmetic precision, FPGA utilization rises with the
increase of vector width. As the width increases, FPGA needs more resources for per-
forming the same function. This causes an increase in the FPGA area and resource use.
Thus, the use of LUT and DSP blocks gets higher.
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The utilization number for the DSP blocks doubles with the doubling of vector width. But it
doesn’t translate to doubling of LUTs. A comparison of LUT utilization by different thesis
machines can be seen in figure [5.5] From the bar graph, we can see, as the vector width
doubles, the utilization of LUTs increases by almost 1.5 times. This points out with the
increase of vector width, resource utilization is improved.

LUT utiliztion of different thesis architecture

25000

15000
10000
0

Bxl6 32x4 32xB 32:16 32x32

Figure 5.5. LUT utilization by different thesis machines

The RAM block utilization is usually always the same for similar architectures performing
similar operations. In this case, also, it is no exception. This is because, BRAM utilization
should be the same for architectures with the same address space sizes, which is 18 in
the case of these machines. However, the vector RFs were implemented by distributed
RAMs (DRAM) and they differ with the vector width. For the same vector width, DRAM
remains the same for both 8b and 32 b precision. On the other hand, for the same
precision, as the vector width increases, DRAM also increases. This is because, with the
increase of vector width, a more distributed memory operation is needed by the VRF.

While comparing with the architectures based on Wide SIMD-TTA Soft Core, to make
these numbers comparable, we need a meaningful performance metric. Hence, OPS per
resource utilization seemed to be a reasonable metric given the time limit for this thesis.
The results are in Table 5.4

When compared, LUT utilization per OPS between thesis machines and paper (Wide
SIMD-TTA Soft Core) machines show quite a big difference. Higher LUT/OPS means that
more LUTs are needed to get 1 OPS. For 8x16 machines, the LUT requirement for Wide
SIMD-TTA Soft Core architecture is almost 9 times that of the thesis architecture. For
the 32x32 machine, it is almost 12 times. This indicates, to perform one operation per
second i.e. 1 OPS, the Wide SIMD-TTA Soft Core template needs a lot more LUTs than
the thesis architecture template. Due to the reduced connectivity, resource utilization by
the thesis architectures has been improved significantly.
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Figure 5.6. Graphical view of utilization for two 128b vector width with different precision

Table 5.4. LUT utilization/OPS of reduced connectivity architectures and architectures
based on Wide SIMD-TTA Soft Core.

- , LUT/OPS
Precision | Architecture . :
Thesis Machines | Paper Machines
8b 128b 52 513
32b 128b 49 520
32b 256b 74 761
32b 512b 122 1539
32b 1024b 234 2908

The Wide SIMD-TTA Soft Core template has many more functionalities and hence, the
thesis template is not exactly comparable with it directly. However, when these two are

compared using an equivalent metric for comparison, the thesis template is proven to

be a better solution in terms of frequency and utilization. The most powerful aspect of

this architecture template is that it can sustain one operation per cycle due to better loop

pipelining. This almost doubles the efficiency compared to the Wide SIMD-TTA Soft Core

template performing a maximum of one operation per two cycles. Hence, it is definitely

an optimized improvement.
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6 CONCLUSION

In this thesis, a reduced network of interconnects for the TTA template, especially for
FPGA implementation, has been studied. It portrays an exposed SIMD datapath connec-
tivity model with a reduced number of connections that can perform one vec-add opera-
tion in each cycle. It is a TTA variation with reduced internal connectivity beyond standard
VLIW processors to improve FPGA implementation.

Different architectures have been designed based on this TTA template and explored.
Each of the architectures has been programmed using hand-written assembly code and
then implemented on FPGA ZYNQ Z7020 (speedgrade-1) and then evaluated based on
different aspects.

A hand-crafted program for the vec-add operation has been tested for five machines with
different vector sizes. Then, their results are compared with each other - firstly, among the
same sized machines with vectors of different arithmetic precision; and secondly, among
different-sized machines with vectors of the same precision (32b). Then, the results are
evaluated and compared to the normalized outcomes of the architectures based on a
Wide SIMD-TTA Soft Core.

The design is validated based on the critical path, maximum clock frequency, and re-
source utilization analysis. In the thesis machines, the critical path starts from scalar
register files. It indicates that the delay is not affected by the vector part of the architec-
ture template. Hence, it is safe to say that the SIMD part of the design does not create
any bottleneck in the workflow while the processor is running. This is one of the positive
aspects of the design.

Since connections are removed in the thesis template, the complexity reduces, and thus
the maximum clock frequency increases. This is further seen in terms of OPS. In the-
sis architectures, for the same vector width, operations per second (OPS) is better for
arithmetic precision 32 than 8. But OPS shows a decreasing trend as the element count
increases, for a fixed arithmetic precision (32b, in this case). This is generally true for all
SIMD processors. But when compared to architectures based on Wide SIMD-TTA Soft
Core, the OPS is almost 3 times higher for the machines with the same vector width. This
is a significant improvement.

When compared based on FPGA resource utilization, results show the LUT utilization
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per OPS between thesis machines and machines based on Wide SIMD-TTA Soft Core
has quite a big difference. Architectures based on Wide SIMD-TTA Soft Core needs a lot
more LUTSs than the thesis machines with the same vector width and arithmetic precision.
Due to the reduced connectivity, resource utilization by the thesis architectures has been
improved significantly.

After the evaluation of the reduced connectivity template, it clearly displays how it can
upgrade the FPGA implementation. However, there are some limitations and there is
much scope for further studies. The critical paths for thesis architectures indicate that the
scalar part of the design is too complicated. A solution to this problem could be simpler
and less complicated interconnections for the scalar part. This could be studied further to
verify if this critical path could further be improved.

There has not been any thorough study of the power consumption for this thesis template.
This is a very important aspect to decide on the practical and viable implementation of
any design. For this reason, it should be explored in future studies before coming to any
conclusion regarding this reduced connectivity template.

Furthermore, this template can only perform vec-add right now. It should be tested for
other vector operations as well. There is no compiler currently that can directly compile a
high-level code into a machine language compatible with implementing on this template.
This could be an interesting research topic as well.
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