Quantifying Effective Memory
Bandwidth of Platform FPGAs

Andrew G. Schmidt

Submitted to the Department of Electrical Engineering &
Computer Science and the Faculty of the Graduate School
of the University of Kansas in partial fulfillment of
the requirements for the degree of Master’s of Science

Thesis Committee:

Dr. Perry Alexander: Chairperson

Dr. Ron Sass

Dr. David Andrews

Date Defended

(© 2007 Andrew G. Schmidt

2007,/04/20



The Thesis Committee for Andrew G. Schmidt certifies
That this is the approved version of the following thesis:

Quantifying Effective Memory Bandwidth of Platform FPGAs

Committee:

Chairperson

Date Approved



Abstract

The Reconfigurable Computing Cluster aims to use Platform FPGAs to de-
termine the feasibility of building a cluster capable of scaling to the PetaFLOPs
range. Platform FPGAs were chosen for their ability to host entire systems on
a single chip. This thesis investigates several common bus architectures common
to Platform FPGAs in order to measure the effective bandwidth between High
Performance Computing cores and off-chip memory.

Specifically three memory access patterns are implemented: random, strided,
and sequential. Sequential can be further broken down into burst and non-burst
mode transaction styles. In addition the effect of multiple cores on, not only the
system, but each hardware core is studied. The results show that while some
bus architectures are clearly better than others, none approach the theoretical
bandwidth of the memory interface. Furthermore, negotiating the bus protocol is a
significant source of overhead. So much so that it effectively hides any performance
one might gain from trying to access the off-chip SDRAMs using an “intelligent”
access pattern. Finally, burst mode (naturally) gives the highest performance, but
unless the HPC core knows in advance that several sequential values are needed,

non-burst sequential transaction accesses are no faster than strided or random.
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Chapter 1

Introduction

The Reconfigurable Computing Cluster (RCC) Project [27] is investigating
the use of Platform FPGAs in High Performance Computing (HPC) clusters.
Specifically, the RCC Project is exploring the feasibility of building a cost-effective
cluster capable of scaling to the PetaFLOPS (10'® floating-point operations per
second) range.

The benefits of High Performance Computing (HPC) can be seen in a wide
range of applications. From science and medicine [23,25,30] to industries as diverse
as oil exploration, financial, and entertainment [18], access to cost-effective HPC
is becoming a critical part of our national infrastructure.

While current commodity off-the-shelf (cots) machines are providing cost-
effective performance it remains to be seen if this technology will be capable
of sustaining performance as applications demand petascale performance. Re-
searchers [19] suggest access to cost-effective petascale computing would enable
scientists to perform tests which are not possible with today’s technology. By
increasing the resolution of computer simulations, experiments reveal phenom-

ena that are otherwise unobservable and provide insight into processes that are



otherwise impractical to experiment in the physical world.

For example, Computational Fluid Dynamics scientists want to increase the
resolution of their experiments, allowing them to observe phenomenon and make
better models. However, simply doubling the resolution increases the computation
16-fold. The increase is due in part to the fact that there is 23 more data that
needs to be processed and that smaller time-steps are required for mathematically
stability.

Among other challenges partaining to the development of the cluster, one im-
portant question is related to the off-chipe memory bandwidth of individual nodes.
As Underwood and Hemmert [29] have shown, several important scientific appli-
cations (such as those using dense matrix computations) are not limited by the
computational capability of the FPGA, but rather by the off-chip memory band-
width. Moreover, it is reasonable to expect that exponential advances in semicon-
ductor technology will continue to improve the rate-of-computation of integrated
circuits (including FPGAs). However, without enough memory bandwidth, ap-
plications with large data sets will not necessarily solve problems faster. This so
called “Memory Wall” was predicted over a decade ago [32] but, thus far, large
caches on general-purpose microprocessors have been able to compensate for the
growing disparity. Since FPGA designers do not have the luxury of large caches,
high-performance designs generally must include custom memory hierarchies and
data paths as well as application-specific computational structures. Hence, char-
acterizing the memory bandwidth is crucial to the RCC project. We look to first,
evaluate the feasibility of the proposed approach, then second, determining the

best on-chip structures to support computational science applications.



1.1 Motivation

While a number of tools and a rich catalog of IP cores exist to assist building
on-chip structures to access external memory, many of the key system components
— such as buses, bridges, and (off-chip) SDRAM controllers — were intended for
use in embedded systems [6,7]. These components are often used to build the
conventional two-bus structures. A processor and primary memory connected
by a system bus and a slower, general-purpose I/O or peripheral bus bridged to
the system bus which adds secondary storage, network, and other input-output
components.

This serves embedded systems well. A peripheral bus has fewer features (mak-
ing it easy to use), generally allows more cores to be attached, and requires fewer
resources. The two-bus structure isolates the high-speed bus from slower trans-
fers. The organization is a good compromise between general communication and
bandwidth. Direct connections between cores provide the highest bandwidth, but
at the expense of allowing arbitrary cores to communicate. Other interconnection
schemes also exist but they are generally more difficult to work with and require
more resources.

Platform FPGAs often mimic a two-bus structure due to available IP cat-
alogs and tools. However, it is unclear whether these components are able to
sustain the bandwidth needed for HPC computational science designs. Although
the performance characteristics of individual components are available, it is not
always possible to determine analytically how an arbitrary composition of several
components will behave.

Exploiting parallelism in reconfigurable computing has been a motivating rea-

son behind its use in HPC. Unfortunately rather than producing orders of mag-



nitude increases in performance many researchers are left with much less than
10x speedups and in some cases slowdowns! This is partly due to the implicit
assumptions made by designers about access to off-chip memory. Currently mem-
ory is capable of providing a theoretical bandwidth of up to 3200 MB/s. While
it is not common to assume 100% utilization of this bandwidth, designers may
estimate obtaining a percentage of this bandwidth. The question then remains,
how close are designers to obtaining their estimate? Researchers may simulate
their designs to provide a more accurate model. However, as will be discussed in
Chapter 5| a large disparity between theoretical and simulation results exist. It
may be that any designers using simulation and theoretical bandwidth are grossly
overestimating the system’s performance.

It is necessary to not only provide simulated results, but to actually synthesis
tests, in hardware, to determine from the potential simulated bandwidth what
the effective bandwidth actually achieved is. Additionally, as Noseworthy and
Leeser [24] have shown, there can be significant variability in memory performance
depending on how the components are arranged. Therefore, experimental analysis

is necessary.

1.2 Statement of Problem

The fundamental question we aim to answer with this thesis is whether it is
feasible to leverage the existing IP cores for High-Performance Computing. These
cores were designed to support embedded computing systems by providing sev-
eral buses and bridges with different performance and operational characteristics.
They are flexible and convenient, which allows them to be used in a variety sys-

tem designs. However, the price we pay for general-purpose is performance. How



much performance we lose will answer the question of feasibility.

This work focuses beyond the simulated and theoretical analysis of individual
CoreConnect components, and instead tries to understand the effective perfor-
mance of all components interacting as a whole. There are several reasons. First,
SDRAM having non-uniform access times. Second, off-chip interfacing protocols
have variable times. Third, many of the components have ranges of cycles that
depend on the actual data (and sequence of data). Fourth, there are many in-
teracting components in memory hierarchy. It is difficult or nearly impossible to
accurately model how they will collectively interact.

Hence, our approach is to implement the systems and measure their actual
performance. The goal of this work is two-fold. First, we empirically characterize
the performance of several CoreConnect on-chip memory subsystem under three
common HPC memory access patterns. Second, based on that data, synthesize
a set design guidelines for getting the most performance out of the memory sub-
system for High-Performance Computing. By addressing these two goals, we can

answer the question of feasibility.

1.3 Outline

The rest of the thesis is organized as follows. The specific contributions of this

thesis are presented next. The background knowledge and detailed descriptions

of components used throughout this thesis are found in [Chapter 2| [Chapter 3| dis-

cusses related works in the subject area. contains an in-depth descrip-
tion of the design and implementation of the tests within this thesis, beginning
with a description of the different access patterns in and followed by
both the single core organization in and the interconnection of multi-



ple cores in [Section 4.3 In [Chapter 5| the results and analysis of simulation and

synthesis of different access patterns in [Section 5.2 single cores in [Section 5.3|
multiple cores [Section 5.4 and varying bus architectures. Finally the conclusion

and comments on future work to provide HPC with more effective bandwidth are

discussed in [Chapter 6

1.4 Contributions

The main goal of this work is to determine if currently available off-the-shelf
components will provide the necessary bandwidth demanded by High Performance

Computing. Below is a list of the contributions made by this thesis work.

e Development of a testing methodology for three different access patterns
and accurately measures bandwidth:
— Sequential (burst and non-burst)
— Strided
— Random
e Design and sythesis of a set of hardware cores to obtain bandwidth mea-
surements via:
— software driven testing interface for configurability and reliability

— slave finite state machine controlling individual tests and collecting

timing measurements

— master finite state machine issuing requests to off-chip memory through

Xilinx interface protocol



Design and synthesis of four different on-chip memory interfacing organiza-
tions using commodity off-the-shelf IP cores to thoroughly test all combina-

tions of configurations of memory controllers and test cores
Measuring single core effective bandwidth to off-chip memory

Measuring multiple cores effective bandwidth to off-chip memory and the
impact multiple cores has not only on the individual cores, but the system

and other cores as well

[lustrating the difference between theoretical, simulation, and synthesized

bandwidth

Providing evidence of the lack of off-chip memory bandwidth current com-

ponents are capable of offering High Performance Computing



Chapter 2

Background

This thesis relies on a firm understanding of components and tools commonly
used within reconfigurable computing. For those familiar with these components
it is advised to proceed onto |[Chapter 3} otherwise, it is recommended to review

this material prior to continuing on with the remainder of the thesis.

2.1 Platform FPGAs and Reconfigurable Computing

High performance computing uses multiple processing elements connected to-
gether via a network in order to create fast supercomputers capable of meeting
the performance demands of industry, research, and education. While many ap-
proaches have been taken to create HPC systems, our approach investigates the
feasibility of using platform FPGAs rather than conventional processors.

Platform FPGAs are a system-on-chip (SoC) which is entirely contained within
the FPGA [22]. The difference of between an FPGA and an application specific
integrated circuit (ASIC) is the FPGA is capable being reprogrammed, changing

the SoC organization or adding and removing components. An FPGA is typically



comprised of hard IP which is embedded into the FPGA fabric and soft IP which
can be added or removed from the design. The ability to create these new soft IP
cores and later modify or remove them give the designer greater flexibility over
ASICs which require significant design time, are more costly, and result in slower
development time due to fabrication. Compton and Hauck further discuss recon-
figurable computing in a survey paper [4] aimed at introducing may concepts of
reconfigurable computing and it similarities and differences to commodity com-
puting components.

Platform FPGAs are now capable of hosting entire systems, from embedded
processors, buses, bridges, to networking, on chip-memory and off-chip memory
controllers. In addition user specific intellectual property (IP) hardware cores
can be designed an connected into the system. As such, it is possible to use
a Platform FPGA as a node in a HPC message-passing [11] cluster [27]. The
following sections discuss in more detail the components which typically compose

a SoC Plaform FPGA implementations.

2.2 IBM CoreConnect

A bus organization commonly is comprised of a system and peripheral bus.
IBM’s CoreConect bus architecture [16] is designed to connect embedded pro-
cessors, buses, bridges, on-chip memory, off-chip and memory controllers. While
these cores were designed by IBM, Xilinx provides specific implementations suit-
able for use with their FPGAs. Discussed below are the Processor Local Bus
and On-chip Peripheral Bus. These two buses are used to connect multiple cores

together; however, each have their own characteristics and functionality.



2.2.1 IBM’s — Processor Local Bus

IBM’s Processor Local Bus (PLB) [7] operates on a synchronized 100 MHz
clock and supports 16, 32, and 64-bit data transfers. This work will focus on
utilizing the 64-bit data buses and 32-bit address bus. Embedded processors,
PowerPC405 in the case of the Virtex-II Pro, along with other cores with high
performance demands traditionally connect to the PLB. Off-chip memory is also
commonly interfaced through an on-chip memory controller connected to the PLB.
When components on the PLB need access to off-chip memory a request is made
through the memory controller.

The PLB supports up to sixteen masters and any number of slaves to be
connected at one time. Each master is attached through separate address, write
data, and read data buses. Each slave is attached though a shared, but decoupled
address, read data, and write data buses. This separation of buses allows transfers
to be pipelined, meaning separate master requests can be overlapped with an
ongoing request in the opposite direction. For example, if one core performs a
read request a second core could perform a write request and due to the separate
buses the transactions can occur simultaneously.

In addition, the PLB supports primary and secondary buffering of requests.
If two cores issues requests in the same direction the first core’s request will be
directly followed by the second request rather than the second core’s request being
blocked.

The PLB also offers bus parking where a requesting core can retain ownership
of the bus as long as no other core’s request access to the bus. The result is the
core no longer needs to communicate with the bus arbiter for ownership, reducing

transaction times and increasing performance.

10



An alternative method to retaining ownership of the bus is for the core to issue
a request with a bus lock signal asserted. The PLB aribter will wait for both the
write data bus and read data bus to be available prior to granting the PLB to a
core, but then the core has ownership of the bus until the bus is unlocked by the
core.

Xilinx’s implementation of IBM’s PLB contains all of the necessary signals in
order to connect none, one or both of the embedded processors. While off-chip
memory is typically connected to the PLB via an on-chip memory controller, it
is possible to connect the memory through the OPB and instantiate a bridge to

allow communication between both buses.

2.2.2 IBM’s — On-chip Peripheral Bus

The tests also utilize an instantiation of IBM’s On-chip Peripheral Bus [6]. The
OPB operates on a synchronous 100 MHz clock and supports 16 and 32 bit data
transfers. The OPB is used in this thesis for completeness to determine the effect
of connecting hardware cores to a secondary bus while accessing memory across
a bridge to a primary bus. The OPB is not designed to connected to embedded
processors; however, it is possible to interface off-chip memory though a on-chip
memory controller connected to the OPB. Unlike the PLB, the OPB does not offer
separate data and addresses buses nor does it offer address pipelining. The OPB
does provide bus parking which allows a single master direct access to the bus
without any arbitration under the condition that no other requests are pending.
As with the PLB, the OPB supports up to sixteen masters and any number of

slaves to be connected at one time.
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2.3 DDR SDRAM

These tests utilize Double Data Rate Synchronous Dynamic Random Access

Memory, DDR SDRAM, as off-chip memory (a limitation of the Xilinx MI-310

board). In|Chapter 4| and |Chapter 5| references are made back to this section to

explain in more detail the characteristics of off-chip memory in the designs.

The Joint Electron Device Engineering Council (JEDEC) Solid State Technol-
ogy Association released the Double Data Rate (DDR) SDRAM Specification [1].
The specification covers all aspects of 64 Mb through 1 GB DDR SDRAM memo-
ries. This section will cover the necessary knowledge to understand the function-
ality DDR SDRAM has in this thesis.

Patterson and Hennessy [14,15] go into detail describing Random Access Mem-
ory (RAM) and its various characteristics and functionality. Modern memory
provides a large collection of addressable memory cells. Dynamic Random Access
Memory (DRAM) stores data in capacitors and must be refreshed periodically
(64 ms) to retain the data. A single transistor is used to then access the stored
data within the capacitor. This is unlike Static Random Access Memory (SRAM)
which uses multiple transistors (typically between four and six) to store data and
does not require a refresh. The result is SRAM is significantly faster than DRAM
while DRAM is less expensive and capable of economically obtaining higher den-
sities than SRAM.

DRAM works by using a pass transistor to allow either reading or writing of
data from the capacitor. This transistor, operating much like a switch, connects
the capacitor to the memory cell’s bit line and during a write the capacitor will
either be charged or dispersed. During a read the bit line is supplied a partial

voltage, then when reading the value from the capacitor a sense amplifier detects
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the change in voltage on the bit line.

When addressing DRAM a two-level decoder, row and column, is used. Row
Address Strobe (RAS) and Column Address Strobe (CAS) are used to simplify
the DRAM design by reducing the number of addressing pins. The strobe signals
whether the address supplied to DRAM is either for a row or column. First the
row is activated (opened) and stores the data from the columns in latches. The
column access selects the latched data from the corresponding column. As stated
above, DRAM requires a refresh signal to retain data. A refresh command is used
to read data from a row into the column latches, then writing the data back into
the columns. This dramatically effects performance by a reduction of as much as
five to ten times as compared to SRAM.

Synchronous Dynamic Random Access Memory (SDRAM) evolved from DRAM.
While still based on the underlying physical and electical characteristics of DRAM
one significant difference is SDRAM is synchronized to the bus’s clock frequency.
DRAM operates asynchronously, allowing memory to operate at one frequency
and the bus it connects to to operate on a separate frequency.

A significant advantage of SDRAM is its ability to provide all the data in
a particular row during a burst transaction. Rather than issuing single column
addresses, a row address is used to open the row from which data will be read.
This increases performance under situations where data is typically sequentially
accessed.

Double Data Rate (DDR) SDRAM [1] differs from Single Data Rate (SDR)
with the ability to transfer two data words per clock cycle, one on the rising
edge and the second on the falling edge. Read and writes are designed for burst

transactions to improve efficiency. A request begins with an ACTIVE command
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followed by either a READ or WRITE command. A bank within the memory is
selected based on the supplied address, typically A0 and Al, followed by the row
select, typically AO-A13. Requests to different rows require the row to be closed
before opening the new row.

With the progression of technology newer DDR standards have been released,
such as DDR2. While the current prototype node in the cluster utilizes Xilin'x
ML310 development boards only DDR memory can be used. Future releases will
be able to utilize DDR2. DDR2 consists of SDRAM just as DDR; however, in
DDR2 the bus is clocked at twice the speed of the memory which results in four
words transferred per memory clock cycle. This does introduce additional latency
as the bus is capable of higher speeds while the memory itself is only operating at
half the frequency. In DDR the latency is typically between two and three clock
cycles whereas DDR2 is commonly between three and nine clock cycles.

Dual Inline Memory Modules (DIMM) contain multiple SDRAM modules in
order to provide higher densities. However, this also adds a higher capacitive
load on address and control signals as compared to lower density DIMMs. One
approach is to use buffers on the DIMM to increase signal strength and reduce the
system load. This memory is commonly known as registered memory compared to
memory without this technique known as unbuffered memory. Registered memory
is capable of obtaining higher densities at the cost of a small delay in the electrical
signal.

Many applications require the use of external memory storage since on-chip
memory, especially with FPGAs, can be very limiting. While the design of
SDRAM and its operation characteristics may seem too detailed, it is necessary

to understand its complexities in order to design better memory interconnects in
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the future.

2.4 Xilinx Components

This thesis relies on designs created through the use of multiple Xilinx [33]

components. These components are discussed below in more detail.

2.4.1 Xilinx’s Virtex-II Pro

The Virtex-1I Pro XC2VP30 [40] is an FPGA created by Xilinx which contains
30,816 logic cells, 13,696 slices, 136 18 Kb Block RAM and 2 embedded IBM
PowerPC 405 processor blocks. In these designs the ML-310 development board
contains a single Virtex-II Pro FPGA and is configured with Xilinx provided
software. The IBM PowerPC 405 is a RISC based processor with a maximum
frequency of 300 MHz and connects through IBM’s CoreConnect bus architecture
to off-chip memory and other cores in this work. Currently the logic limitation
of the Virtex-II Pro is a limiting factor to the number of test cores we are able
to connect in our tests. While the upper limit of sixteen cores is specified by
the CoreConnect documentation, we are currently only capable of connecting a

maximum of eight cores.

2.4.2 Xilinx’s Intellectual Property Interface

Xilinx provides two interfaces for connecting hardware cores to the bus, de-
pending on the bus, OPB or PLB [35,38]. In principle a designer could create
a hardware core intended to connect to the PLB and then move the hardware
core to the OPB. This process works through the use of the Intellectual Property

Interface (IPTF) which connects to the IP’s user logic via an Intellectual Property
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Interconnect (IPIC).

The user logic issues requests through the IPIC which propagates the signal
through the IPIF. Two different IPIFs exist, both designed to signal their re-
spective bus, OPB or PLB. The advantage of such a system is portability with a
sacrifice of resources and performance. In high performance computing this may
not be a sacrifice designers are willing to make. The result is constructing bus
specific cores and if necessary modifying the design if necessary to move the core

to the opposite bus.

2.4.3 Xilinx’s DDR SDRAM Memory Controller

Xilinx provides two memory controllers for connecting the FPGA to the pins
of the DDR SDRAM. The memory controller is an on-chip hardware core which
either connects to the OPB [41] or PLB [37]. The controllers consist of a cor-
responding bus interface (IPIF) to communicate with the bus and initialization,
data, and command state machines for initialization, data transfers, clocking and
control of off-chip memory. Through the use of separate state machines it is pos-
sible for both data and control transfers to occur in parallel in order to provide
more efficient utilization of the memory.

Addresses and command signals are issued by the command state machine
and signals the data state machine to send or receive data. The command state
machine is responsible for issuing DDR SDRAM specific commands to activate
rows, open rows and columns, read or write data and issue refresh commands.
The timing constraints are specified by the off-chip memory and must be strictly

adhered to in order to achieve optimal performance.
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2.4.4 Xilinx’s Environment Development Kit

Xilinx provides a tool through the EDK called Base System Builder used
to create the base systems which this thesis rely on. In this base system certain
components, such as embedded processors, buses, bridges, and memory controllers
are connected. After the creation of the base system the user can connect hardware
cores to the system.

Using Xilinx’s Base System Builder wizard from within the EDK the Xilinx
Virtex-I1I Pro ML310 Evaluation Platform (revision D) board is selected. In the
design a single PowerPC is used to control the program and load test specific data
into the hardware core. As a result the operating frequency is left at 100 MHz.
The Virtex-II Pro provides varying bus frequencies of 25 MHz, 33.33 MHz, 50
MHz, and 100 MHz. To maximize the theoretical bandwidth, the bus operating
frequency is set to 100 MHz.

Next the external memory peripheral is selected. As will be explained in
the memory is either connected via the PLB or the OPB. Therefore
two base systems are created to support both configurations. The DDR used is
WA4F232726HA-5Q) is a 32MX72 industry standard 184-pin low profile registered
DDR400B-333 SDRAM DIMM [17]. Upon completion of the Base System Builder
wizard, additional hardware cores can be connected to the system.

To minimize the number of base systems and simplify future testing bridges
were used to allow communication between the PLB and OPB. The wizard adds
the PLB to OPB bridge [39] and allows cores on the PLB to issue requests to the
OPB. Additionally, an OPB to PLB bridge [36] allows cores on the OPB to issue

requests to the PLB.
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Chapter 3

Related Works

Many research projects are investigating memory subsystems and in particu-
lar, HPC memory bandwidth. With the advent of multi-core chips a number of
industrial efforts are looking at interconnection schemes such as dual-channel [8],
fully-buffered [13], and direct access [34].

The Merrimac project at Stanford is investigating computer architectures and
novel languages in attempt to use bandwidth more efficiently [9,12] by organizing
the computation into streams in order to exploit locality. Each node within the
system contains sixteen DRAMs totaling two GBytes of memory with simulation
estimations expecting the ability to sustain half of the theoretical bandwidth on
multiple scientific applications.

Numerous memory buffering [26], re-timing [5], buffers for sliding window com-
putations, and specialized caches have also been extensively covered in the FPGA
literature. However, most of this work has been in the context of the FPGA being
a co-processor in the system — not hosting the entire system. This is relevant be-
cause, as a co-processor, the FPGA usually has exclusive access to local memory

and does not require any of the general-purpose structures discussed here.
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Work more closely related to this effort done by Donchev et al. [10] has fo-
cused on the improvement of efficiency of communications between the PowerPC
and off-chip memory. The work takes advantage of the principle functionality of
the On-Chip Memory (OCM) bus which gives the PowerPC a low latency, high
performance connection with on-chip memory (BRAM) and combines it with the
Processor Local Bus (PLB). Named OCM2DDR, this approach is novel in that it
allows the PowerPC dedicated access to off-chip memory under the on-chip mem-
ory communication mechanism. The performance increases in both reads and
writes from the PowerPC by 2.45 and 4.25 respectively.

While this approach does provide the PowerPC faster access to memory, it
does so at the cost of other core’s access to off-chip memory. The memory con-
troller is traditionally connected to the PLB so all cores needing access to off-chip
memory have access. However, by directly connecting the OCM interface from
the PowerPC through the PLB’s memory controller those additional cores can no
longer request access to off-chip memory. This may benefit the original work, but
High Performance Computing looks to the reconfigurable fabric for a majority
of the processing. Under this requirement the OCM2DDR, interface will not be
sufficient.

Noseworthy and Lesser [24] use a Software Defined Radio (SDR) as a vehicle for
investigating effective communications between the PowerPC and the surrounding
FPGA fabric. The work investigates On-Chip Memory (OCM), Processor Local
Bus (PLB) and On-Chip Peripheral Bus (OPB) interfaces between the PowerPC
and on-chip memory. In addition to different buses, they studied the effect the
cache has on performance. While OCM provides a fixed latency to to Block

RAM which is advantageous for applications that must guarantee a specific rate
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of communication, the amount of memory is limited in size. The PLB provides
efficient on-chip communication, but is a shared resource which results in possible
bus contention and degradation of performance.

The results show a 60% increase in performance for the SDR implemented
when using OCM. However, caching works best when data exhibits temporal
locality characteristics. When applications must process streaming data, those
commonly associated with High Performance Computing, they found that using
a cache can actually hurt performance. While the cache results do not directly
related to this thesis work, it is an important result to remember if designers
consider implementing a caching mechanism in the reconfigurable logic and are
targeting HPC applications with high levels of streaming data.

This thesis is studying communications similar to those studied by this paper,
the difference is the focus on communications from reconfigurable logic to off-chip
memory rather than the embedded processor. While a single core may be designed
to effectively communication with off-chip memory, HPC requires multiple cores
have access to off-chip memory.

Lee and Bergmann [21] also investigate the interface between IP cores and
buses in order to improve performance and automate the connection between a
variety of interface architectures. Adding a bus interface, for example Xilinx’s
IP Interface, adds additional overhead at the sake of portability. However, there
is still a limitation on the core’s connect-ability with other buses. Creating ad-
ditional interfaces to meet each bus may result in performance loss. While this
research does not directly relate to this thesis, it is of interest as future design’s
portability will be of great concern.

Anderson et al. [2, 3], in their Hyridthreads Computational Model, use on-
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chip dual ported memory (BRAM) to create global distributed local memory
within each Hthread hardware thread. One port on the BRAM gives a thread
direct access to its local memory without contention for the bus. The second port
allows other cores access to the same memory through the standard bus protocols.
The result is “cache-like” memory access performance; however, this memory is
not cache as commonly found in commodity processors. The requirement for
populating the local memory falls on the Hthread core rather than additional
logic. It is an interesting approach in that it gives hardware threads access to all
of the other thread’s local memory. Hardware threads needing to access memory
or provide another thread memory can do so without the penalty of accessing
off-chip memory.

In contrast to the above approaches, other vendors such as Lattice Semicon-
ductor, have embedded specialized hardware in low-cost FPGAs to manage the
memory interface [28]. This approach eliminates design concerns about the need
to map, place, route and meet timing requirements on a critical interface. How-
ever, it requires physical space on the FPGA as it is a hardcore rather than a
more traditional softcore memory controller. Most applications find a need for
off-chip memory which makes the decision sensible; however, it limits future de-
signs which may have greater demands for the FPGA fabric and less of a need
for off-chip memory access. In this case having an embedded memory controller

would be a waste of resources.
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Chapter 4

Design & Architecture

The Reconfigurable Computing Cluster is designed with modularity in mind to
allow for many different applications to be run and tested. However, the prototype
uses a commercial development board (Xilinx ML310 board) to constrain costs.
The physical pin connection between off-chip memory and the FPGA are limited
on the board’s layout. As a result the requirements of the cluster will require
different on-chip interconnects within the FPGA to connect to the off-chip memory
pins. In order to test these different on-chip organizations to determine their

suitability for the cluster this thesis will consider the following:

o different access patterns from a core to off-chip memory
e varying on-chip interconnection organizations

e varying number of cores within the system access to off-chip memory

The experiments were tested on one node of the Reconfigurable Computing
Cluster under construction at the University of North Carolina, Charlotte. The
prototype node is a Xilinx ML-310 board with a Virtex-II Pro (XC2VP30) and
Wintec 184-pin DDR400 PC3200 SDRAM DIMM.
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The on-chip memory structures were developed using Xilinx Embedded De-
velopment Kit (EDK) 8.2sp2 and Integrated Development Environment (ISE)
8.2sp3. EDK contains a subset of the IBM CoreConnect IP catalog which in-
cludes a Processor Local Bus (PLB), an On-Chip Peripheral Bus (OPB), as well
as bridges. The off-chip DDR memory controllers used in these experiments were
plb_ddr 2.00.a and opb_ddr 2.00.c along with bus bridges plb2opb 1.01.a and
opb2plb 1.00.c. Several systems were synthesized using different bus structures
and special-purpose cores designed to generate common HPC memory access pat-
terns.

Using Xilinx’s EDK a base system was designed for each of the primary con-

figurations. For a more complete description refer to [Subsection 2.4.4, The base

system includes the PowerPC processor, PLB, OPB, and DDR memory controller.
These off-the-shelf components were selected based off of their current availability

and price.

4.1 Memory Access Patterns

The following are different access patterns commonly associated with external
memory and High Performance Computing [20,31]. From within the Test Core
each test uses the same mechanism to retrieve an address to read from external
memory. During the initialization of the test while software is supplying the Test
Core’s BRAMs with addresses, each access pattern’s address range is filled in a
specific sequence. Below is a quick description of the access patterns used within
these experiments: sequential non-burst, sequential burst, random and strided

aCcCess.
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4.1.1 Sequential Non-Burst Access Pattern

Sequential access consists of both burst and non-burst transactions to move
adjacent words to or from memory. During non-burst transactions a single request
is issued per word retrieved. The test core accesses a single address and waits until
the data returns. This is the simplest access pattern to perform. Upon the return
of the data, the next request issued is the next adjacent address from off-chip

memory. An entire bus transaction occurs for each single request.

4.1.2 Sequential Burst Access Pattern

In burst transactions more than one datum is retrieved per single request.
Although similar in principle to a single sequential access, the difference is that
unlike a single access the burst access specifies a number of sequential addresses
(transfer length) to receive data from. Up to 128 bytes of sequential data are
retrieved starting at the requested address. While the first word’s access is equiv-
alent to non-burst transactions, subsequent words arrive one clock cycle apart
through the completion of the transaction. As a result, the average time per

access with burst transactions is drastically reduced.

4.1.3 Random Access Pattern

Random access is similar to single access in that each new request is issued to,
and responded by, the memory controller prior to the next request. The addresses
are randomly generated during the test’s initialization and supplied to the test
core prior to execution. It is not possible to perform burst transactions during
random access due to the burst mode’s sequential access restrictions. Random

access potentially offers the worst performance, as SDRAM needs to close the
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current row and open a new row (a time consuming process which adds to the

latency).

4.1.4 Strided Access Pattern

Strided access retrieve data a uniform distance apart in memory. While the
stride length may vary depending on the application, the concept can be see in a
loop iteration or a jump (goto) statement which may cause the program to access
memory a uniform distance from the previous access. When the stride length is
small it is possible all data may be contained within the same row of SDRAM,
potentially reducing latency to subsequent requests. As the stride length increases

the performance will more likely match that of random access.

4.2 Single Core Design

Under a two-bus architecture, a number of different bus structures are possible.
The memory controller, an IP core that used to access off-chip DDR SDRAMs,
translates bus requests into SDRAM memory transactions. Two DDR memory
controllers exist: one for the peripheral (OPB) bus and one for the system (PLB)
bus. Likewise, the HPC core can be placed on either bus which leads to the four
combinations illustrated in [Figure 4.1]

The goal of the different single core organizations is to test the performance of
a single HPC core in isolation. Single core tests are performed without any addi-
tional contention for the bus or off-chip memory; this provides accurate effective
bandwidth results for each configuration. These results will be used as a baseline
to then understand the impact of adding multiple cores into the system. Both

OPB and PLB tests are included for completeness. The testing system consists
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of three parts:
1. initialization of the core (in software)
2. execution of the test by the core (in hardware)

3. retrieval of the results from the core (in software)

4.2.1 Software Initialization

Before the core is able to issue read requests to memory it must first be ini-
tialized for the particular test. During the initialization process, code running on
the PowerPC provides all of the necessary data the core needs. The initialization

consists of providing:
1. addresses the core will read from off-chip memory
2. core specific addresses to be used during read requests
3. transaction information (burst, non-burst and transfer length)

As stated earlier there are three access patterns: sequential, strided, and ran-
dom. To simplify the tests and provide greater flexibility in testing the addresses
are not generated by the core. Instead the addresses are supplied to the core dur-
ing the aforementioned initialization sequence. During the initialization the core
is not performing any requests and the timer is not counting; therefore, the setup
time does not factor into the performance and more importantly no additional
testing overhead is introduced.

The different addresses for each corresponding access pattern are generated
through C code executed on the PowerPC. For single sequential addresses the

contiguous addresses are supplied to the core. Strided access patterns require a
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specified stride length. Multiple tests are required for this access pattern due to
the multitude of different stride lengths. As addressed in[Chapter 2, SDRAM the-
oretically provides the lowest latency to addresses within the same row. Therefore
smaller strides within the same row should provide approximately the same la-
tency as sequential access. For random access addresses are randomly generated
in software and supplied to the core. The advantage of such an approach is less
time spent designing a core which can generate its own random addresses. Ad-
ditionally, if there is a need to test alternative access patterns the hardware core
will not require modification. Instead the software can generate the addresses and

supply the hardware core with the new addresses.

4.2.2 Single core control and data flow

After software provides the addresses (and access patterns) to the core addi-
tional signals are issued to specify the core’s master request signals. The core
consists of two finite state machines, shown in [Figure 4.3} the slave state ma-
chine responds to requests made by the bus (in these tests it responds to the
PowerPC and memory controller’s requests) and the master issues the requests to
the bus (issues read requests to memory controller). |[Figure 4.2 provides a simple
illustration of the hardware core and its master and slave components.

The test core consists of both User Logic and IPIF components. The user logic
includes the slave and master finite state machines which perform all of the user
defined functionality. The slave and master communicate with the bus through
a Xilinx specific Intellectual Property Interface (IPIF). The benefit of using the
IPIF is to first reduce the number of signals the user logic is responsible for and

second allow the user logic to connect to either the PLB or OPB by using the the

28



6
7 0
- e
Slave FSM ®
1 g
g D
LA 215, memory |__.| |
D~ controller |~
Master FSM 4 o M
)
2 & M
3
User Logic Arbiter
FPGA

Figure 4.2. Hardware core signaling and bus connection

start_test="0’ from Slave FSM

start_test="1"

addr_ready="0" data_ack="1/ -
Read Addr burst="0" burst='1’  data_ack="0
from BRAM
addr_ready="1" Single Req
Rd Req to
to Master FSM dato AR \60

req_issued="1y
A master_ack="0’

xfer_length<128

master_ack="1
Check Test
e Complete
data ack="0"
() (b)
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data_ack="1"

next_addr

appropriate interface since two different interfaces have been developed by Xilinx,

one for the PLB and a second for the OPB. A request is instantiated by the slave

finite state machine and terminated once the slave finite state machine receives

the requested response. shows the general flow of control signals and

data throughout a request. Each step is enumerated which corresponds with:

1. slave signals master to perform read across the bus
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2. master issues request through the IP Interconnect

3. the IPIF propagates master’s request to the bus beginning with the request-

ing bus access through the arbiter

4. when given access to the bus, the read request is issued across to the PLB

along with control signals to complete the transaction

5. the PLB issues a read request to the on-chip memory controller, which in

turn issues the read request to off-chip memory

6. the memory controller returns the requested data to the bus to be returned

to the requesting hardware core’s IPIF

7. the IPIF propagates the data through the IP Interconnect to the slave which

acknowledges the request

4.2.3 Slave finite state machine

At this point the data has arrived at the slave and the data is stored into the
data BRAMs for later analysis which is discussed below. [Figure 4.3|a) depicts
the finite state machine for the slave component of the hardware core. The udle
state is the default state where the slave can either be issued its initialization
data or a start signal to begin the test. After receiving a start signal the slave
reads a single address from the pre-loaded address BRAM. The address along
with master specific control signals are issued to the master finite state machine.
The slave then waits until it receives a write request from the bus indicating the
data is available and ready to be captured by the slave. The slave stores the data

into a separate BRAM to be used at the completion of the test for analysis of
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the functionality of the test. The slave then determines whether or not it has
performed the last request in the test. In the event more requests are needed to
be made, the slave increments internal status registers and counters and reads a
new address from BRAM. The entire sequence is performed again. When the last
request is issued and the corresponding data stored, the slave returns to the idle
state signifying the test’s completion at which point the slave remains until the

tests results are retrieved by the PowerPC and the external analysis is performed.

4.2.4 Master finite state machine

The slave issues a request to the master finite state machine which is shown
in [Figure 4.3|b). The master waits in an idle state until it receives a start signal
from slave. Additionally, the slave provides the master with the request type (read
or write), transaction type (burst or non-burst), transfer length (for burst mode
only), and address signals. Two addresses are given to the master, the address
to read from off-chip memory and the address of the slave’s register to write the
data to. The slave waits for this register to be written to which is describe above.

In the event of a single transaction only one address is read from off-chip
memory and the master waits until the bus issues the data to the slave before
returning to the idle state to wait to preform another request. During a burst
request it is possible to specify the transfer length up to sixteen 64-bit words to
be read for the PLB. These tests focus on the maximum number of transfers for
both the PLB and OPB; however, the master keeps track of transfer length as the
request is made to determine if the burst is complete or if additional requests are
necessary. Again, just as with the single request, when the request completes and

all the data is written to the slave the master returns to the idle state.
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Internally the slave controls the master by telling the master what requests
to make and then waiting for the request to complete (the data to arrive). The
master must be supplied: request type, read address, write address, burst or non-
burst transaction type, and transfer length signals. These signals are set before
the test is run through software, which again provides the core added flexibility
and does not require the entire system to be re-synthesized, a very time consuming

process, between tests.

4.2.5 Executing the Test

Now that the core has been initialized and all of the required signals are set,
the core is issued a start signal. All of the addresses the core will read from
SDRAM are stored within the core in local BRAMs. The core reads the first
element in the BRAM which corresponds with the first address the core will read
from SDRAM. During non-burst transactions the slave waits for the requested
data to arrive at a pre-defined address which is written by the off-chip memory
controller. When the data arrives it is stored in a second BRAM to be accessed
after the completion of the test. After the arrival of each address the next request
is issued with the subsequent address.

Burst transactions issue a request and wait for not only the first word to return,
but for the completion of the burst transfer. To specify burst transaction, part of
the software initialization must give a transfer length. Currently the CoreConnect
documentation specifies the burst transfer length to be 128 bytes on the PLB and
64 bytes on the PLB.

The metric considered during these tests is the number of clock cycles it takes

a core to issue a request until the slave receives the data. The timing is strictly
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controlled by an additional process which increments a counter, based on the 100
MHz clock of the bus, whenever the core is waiting for data. In [Figure 4.3(a)
the darkened core labeled wait for data - timer counting is the state in which
the timer is incremented. By only counting during this state the most accurate
timing results possible are reported. Moreover, any time spent by the test to
retrieve addresses or store data is not included in the timing mechanism as it is
considered timing overhead.

When the core performs multiple requests the timer must start and stop to
reduce any additional overhead associated with the testing mechanism and provide
accurate timing results. During burst transactions a single request is treated the
same as non-burst transactions; however, the timer does not stop when the first
word is received. Instead the timer is stopped at the completion of the burst

transaction.

4.2.6 Retrieval of Results

When the core has performed all requests specified during the initialization
stage the core turns to an idle state and the results are retrieved by the PowerPC.
These results include the timer counter, transaction counter, error counter, and
data read from off-chip memory. The data is used to verify the core correctly

retrieved data from off-chip memory.

4.3 Multiple Cores

Although there may be situations which require only a single core accessing
SDRAM, more commonly in High Performance Computing multiple cores will

need access to off-chip memory. Based on the results from the single core test (see
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Chapter 5)) only one access pattern — sequential (both non-burst and burst) —
was deemed necessary for testing. Moreover, resource limitations dictated that a
simple design be used to increase the number of parallel cores in the tests.

The new test core maintains the same functionality as the original core; how-
ever, it only is capable of performing sequential non-burst and burst transactions
due to the removal of the internal BRAMs previously used to store random and
strided access patterns. The new slave state machine is a direct result of the
simplification of performing only sequential read requests. The tests are still mea-
sured in the same manor and for completeness will be compared with the original
core’s sequential results. As a result, eight cores are now able to be connected to
either the OPB and PLB as shown in [Figure 4.4, The following description will

cover how the tests were built and implemented.

PPC405 controller
core core
PPC405 controller memory | | _s ']L ']L
core core controller| | ¥
“, »]L »]L Processor Local Bus (PLB)

|1

On-Chip Peripheral Bus (OPB)

PLB20PB| [ OPB2PLB memory |1 =
. X controller
bridge bridge
test test test test test test test test L 1 1 L
core || core || core || core || core || core || core || core
1 2 3 4 5 6 7 8 On-Chip Peripheral Bus (OPB)

L1 11 11711

test (| test || test || test || test || test || test || test
core || core || core || core || core || core || core || core
a, 2 3 4 5 6 7 8

(a) (b)

Figure 4.4. Four multiple core organizations: (a) custom cores on
PLB and memory controller on PLB; and (b) custom cores on OPB
and memory controller on OPB
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4.3.1 Software Initialization

Before the core is able to issue read requests to memory it must first be ini-
tialized for the particular test. During the initialization process code running on

the PowerPC provides all of the necessary data the core needs.

4.3.2 Executing the Test

The test is designed to allow multiple cores to connect to either the PLB or
the OPB and perform read requests. With multiple cores a new mechanism is
needed to signal each of the cores, telling them to start their respective test. This
Controller Core is connected to the PLB and waits for the PowerPC to tell it
which cores should be included in any particular test (as part of the entire test’s
initialization process). The controller core outputs a start signal directly, without
requiring any bus transactions, which results in no additional testing overhead.

To test the functionality of the test controller a single core is first added to
the base system and started via the test controller. As expected, the results
matched those of the single test core previously described. A second core is added
to the base system. The test controller is now tested by starting only the first
core and then both cores. As expected, the test controller starting only the first
core resulted in the same results as before. This procedure is repeated until eight
cores, the maximum number of cores we were able to fit on the FPGA due to the
FPGA’s resource limitations, are added to the base system.

A single core is first connected to the bus along with the memory controller.
The single core performs reads requests to off-chip memory in: 1, 4, 16, 64, 256,
1024, 4096, 16384, and 65536 sequential addresses. As multiple cores are added

this large number of reads will provide for a more accurate understand of how
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cores interfere with one and other as they vie for the bus.

Each Test Core waits in an idle state until it receives the start signal from the
Controller Core. Since each core in the test is setup to listen to its own unique
signal on those cores activated by the Controller Core will participate in the test.
A read request is performed identically to the original test core. After each read
the next contiguous address from SDRAM is read.

Logically a second core is then instantiated on the bus. again, the start signal
is issued from the Controller core and both core 1 and core 2 begin to request
access to the bus and perform their individual read request.

Once core should receive its requested data from SDRAM before the second
core receives its data. The second core will be required to wait, potentially for the
entire time it takes for the first core to receive its data, before it can issue its read
request and receive its first datum. The first core will issue its next read request
immediately after receiving its first datum. This process will continue through
the number of read requests for the specific test.

The tests continue by adding additional cores to the bus until the resources
(slices) are depleted. Using an ML310 with a VirtexII-Pro the maximum number
of cores added is 8. This is not a limitation on either the PLB or OPB rather it
is a limitation on the size of the Test Cores and amount of available resources on
the FPGA. In future work it with newer FPGAs it is conceivable to perform the

same tests with even more cores.

4.3.3 Retrieval of Results

After the test completes each core’s finite state machine will return to its

idle state and the results are read via the PowerPC. At this point the test has

36



finished and no interference is added to the rest of the test. These results primarily
include the timer counter, read counter, and error counter. The final datum is
read back from each core and compared to the data in off-chip memory to verify
the core performed the correct number of reads and received the correct data from

memory.
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Chapter 5

Results and Analysis

Armed with the IP cores and experimental infrastructure described in the
previous chapter, we are now ready to investigate the key question of this thesis.
First, we will look at the theoretical bandwidth and the results of using simulation
to provide a basis for the measured results. (This is especially useful since these
numbers are considered representative of off-chip memory performance.) Follow-
ing the theoretical and simulations, we measure and discuss the results from single

core performance tests and then multiple core performance tests.

5.1 Theoretical Bandwidths

First, theoretical DDR SDRAM bandwidth suggests the greatest bandwidth
achievable to directly access off-chip memory. Commodity memory offers theo-
retical peak bandwidth in the range of 1600 MB/s to 3200 MB/s and is based on
direct access to the DRAM itself without any buses, memory controllers or com-
ponent to component communications. With the addition of dual-channels [§]

the bandwidth could be doubled; however, this is the peak theoretical bandwidth
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current DDR SDRAM is capable of achieving.

Next, when connecting DDR SDRAM to a bus for global access, the theoretical
bus bandwidth is commonly a more realistic measure of memory bandwidth. In
calculating the theoretical bandwidth of the PLB and OPB (800 MB/s and 400
MB/s respectively [6,7]) the off-chip bandwidth limitation becomes apparent.
Clearly when connecting multiple cores, which all need to access memory, a bus
interconnect is also necessary to provide a convenient interface (Xilinx’s IPIF). The
result is the addition of bus arbitration necessary to determine which requesting
component will be granted access to the shared resource. This increases the
amount of time to access memory. For these tests which use a bus architecture
the bandwidth is limited from 3200 MB/s to 800 MB/s (400 MB/s for OPB).

Finally, the simulated effective bandwidth is commonly used to determine
a hopefully more realistic memory bandwidth. With the inclusion of the bus
it is no longer reasonable to expect peak (off-chip memory) bandwidth. When
designing systems that consume data with a high duty cycle, time spent waiting
for data instead of processing the data, the expected performance is coupled with
the off-chip memory bandwidth. Synthesizing a design can be a complex and
time consuming process; moreover, simulating individual components abstracts
away some of the complexities. The important takeaway from this simulation
exploration is bandwidth estimates are based on general (broad) assumptions that
potentially leave the designer with a false positive for the expected performance
output.

The results discussed in this chapter will show that such expected simulation
performance is not a reality. High performance computing is producing lofty goals

and expecting significant performance gains through the use of reconfigurable
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computing (FPGAs). This thesis investigates the use of commodity off-the-shelf
IP cores for memory interconnects to determine the feasibility of using such cores

in a large scale High Performance Computing cluster.

5.2 Simulation Results

The tests were first simulated so that the synthesized results could be com-
pared with the simulated results, a metric that we noted as distinguishing possible
system performance based on simulation instead of synthesized results.

From [Figure 5.1fa) we see that the simulated results of non-burst transactions
are 44.44 MB/s or 5.56% of the PLB’s theoretical bandwidth of 800 MB/s. On
the OPB the bandwidth drops to 40 MB/s as a result of the OPB’s bus width of
32-bits. Since the theoretical bandwidth of the OPB is only 400 MB/s, compared
to 800 MB/s of the PLB, the simulated 40 MB/s is 10% of the OPB’s theoretical
bandwidth.

When considering sequential burst transactions the bandwidth is 266.67 MB/s
or 33.3% on the PLB and 228.57 MB/s or 57.14% on the OPB shown in
ure 5.1(b). Under burst transactions the PLB has an advantage of transferring
128 bytes of data per request, whereas the OPB can only sustain 64 bytes. This
is a current limitation of the PLB and OPB designed by IBM as discussed in

While these simulated bandwidth results are low, a designer may consider them
acceptable based on: the estimated bandwidth needs of the system, the ability
to utilize burst transactions more often than non-burst, or the time and money
required to design and implement an alternative memory interface. As a result

the designer may determine the simulated bandwidth estimates sufficient and use
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these bandwidth numbers (or worse, the theoretical SDRAM or bus bandwidth

numbers) in the remainder of their system’s performance calculations.
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Figure 5.1. Simulated off-chip effective bandwidth compared to syn-
thesized effective bandwidth for (a) non-burst and (b) burst transac-
tions

5.3 Single Core Synthesize Results

When synthesizing the design and running the same tests in hardware the

results for both non-burst and burst transactions differ from 25% to a more drastic
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54% and 62%. While the simulated results may be still less than what most system
designers would like (more is always better), the difference between simulation
and synthesis clearly shows some organizations will result in a decrease in system
performance by up to 60% for applications with vast amounts of off-chip memory
accesses.

The synthesized results shown in summarize the effective bandwidth
under each of the different access patterns for a single core. Perhaps the most
surprising result of the single core tests is the order in which memory is accessed
is at best a secondary factor of the overall performance. That is, the bandwidth
limitations of using a bus and its protocol are so substantial that an intelligent
HPC core can only make modest improvements in RAM bandwidth by scheduling
its memory accesses if a typical bus structure is employed. Indeed, the effective
bandwidth of a core performing non-burst, strided, or random access patterns is
at best a mere 24.85 MB/s or 3.11% of the theoretical bandwidth of the bus.
When considering the theoretical bandwidth of a single DDR SDRAM (nominally
between 1600 MB/s and 3200 MB/s according to the data sheet), a single core’s
effective bandwidth is between 0.78% and 1.55%)!

5.3.1 Non-burst transaction results

When considering single data access, strided data access, and random access
it is predicted single data access will outperform the rest. The reasoning for the
prediction is due to the design of the DDR SDRAM. As discussed in the[Chapter 2]
DDR SDRAM accesses data through Column Address Select (CAS) and Row
Address Select (RAS). Performing multiple requests within a close proximity in

memory seemingly should result in a significantly higher bandwidth than random

42



Effective Memory Bandwidth Using On—Chip Bus Structures

200
180
160
140
120
100
80
60
40
20

Effective Bandwidth (MB/s)

PLB- OPB- OPB- PLB- PLB- OPP- OPP- PLB- PLB- OPB- OPB- PLB- OPP- PLB-
OPB- PLB- OPB- PLB- OPB- PLB- OPB- PLB- OPB- PLB- OPB- PLB- OPB- PLB-
Ran Ran Ran Ran Str Str Str Str  Seq Seq Seq Seq Bur Bur

Memory Organizations/Bus Transaction Styles
(HPC Core—-Mem Ctrl-Access Pattern)

Figure 5.2. Single core effective memory bandwidth results

accesses since the SDRAM does not have to suffer the penalty of looking up data
in a different row.

From the results we see the three different access patterns provide nearly iden-
tical results. An important question to then ask is — Why do these three access
patterns produce such similar results? In we can see the connection
between the core making the requests and the off-chip memory. This simple dia-
gram shows that in order for a HPC core to access off-chip memory the request
must first be issued from the master side of the core, through which the request is
then issued through Xilinx’s IPIC and then through Xilinx’x IPIF before finally
being considered by the bus’s arbiter. In the test the core is the only component
connected to the bus that is making requests; therefore, we can eliminate bus
contention from this discussion. The request is issued to the memory controller
which issues the request to off-chip memory. This process is similarly repeated
in reverse when the data is located in off-chip memory and made available to the

memory controller to be sent back to the HPC core.
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5.3.2 Burst transaction results

Burst transactions make a substantial improvement, providing up to 199.71
MB/s or 24.96% of the bus’s theoretical bandwidth. This result is as expected
since a single burst request can deliver up to 128 bytes of data and each word
retrieved is on average twice as fast as a non-burst transaction. However, burst
mode transactions only work for sequential access and are limited to lengths of
128 bytes (16 64-bit words). In addition, burst mode transactions increase HPC
core design complexity which burdens hardware designers by requiring the core
to receive the entire burst of data rather than a single word. Also, it is up to the
programmer to implement a burst transaction rather than rely upon the hardware
to know what type of transaction to implement because the hardware would not
be able to determine if future requests will read from the next sequential location.
If the application does not have a great deal of sequential accesses, then burst
transactions will probably not benefit the application.

A burst transaction works by asserting a [P2Bus_MstBurst signal and spec-
ifying the transfer length (up to 16 64-bit words). In addition to the request,
the core must be designed such that it can store each datum as it arrives from
DDR across the bus. This adds to the complexity mentioned above where the
hardware would need additional logic to handle either single transactions or burst
transactions. The remainder of the burst transaction (signaling) is identical to
the single read transaction.

Also, during a burst transaction the bus is dedicated to the core requesting
the data until the transaction completes. When transferring up to 16 64-bit
words this may improve a single core’s bandwidth and performance as it can

access memory on average faster than individually accessing memory; however,
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with the addition of multiple cores, the remaining cores must wait for the burst
transaction to complete before they can gain access to the bus. This increases bus
contention and decreases overall system performance. Therefore it is important
for the designer to consider the system as a whole instead of any single core’s
access patterns.

The OPB and PLB are limited in the number of cores that may master the
bus. To support a larger number of cores, typical designs use a two-bus approach
with bridges to connect the two. In the case of the off-the-shelf embedded systems
cores, the bridge limits the bandwidth to 9.52 MB/s, illustrating the impact of the
core’s location on bandwidth. Also, the bridge itself is a component on both the
OPB and PLB so there is an additional penalty of both buses granting the bridge
access. When the off-chip memory is located on the opposite bus of the cores,
each core must contend for the: bus, bridge, opposite bus, and off-chip memory.

High Performance Computing demands low latency access to memory. From
the time the request is made until the data arrives, the time spent waiting for
data is expensive, namely it is time the core or core’s process is potentially idle
waiting for the data. While a core could be designed to process other data while it

is waiting many, general cases will result in the processor (core) idling or stalling.

5.4 Multiple Core Results

While the single core experiments provide a performance baseline, it is more
realistic to assume a HPC application will have several parallel cores that need
to share access to the off-chip memory. A problem arises of having multiple sinks
(cores) and a single source (off-chip memory). In addition each core must vie for

the bus, which connects the cores to the off-chip memory adding arbitration and
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blocking times into the overall access time for each core. In all of the multiple
core tests sequential access is the only access pattern considered due to the results
of the single core’s multiple access pattern.

The PLB is a more sophisticated bus than the OPB and requires more FPGA
resources; the benefit becomes evident when more than one core is aggressively us-
ing the bus. Address pipelining is designed to improve bus bandwidth by allowing
a new request to be overlapped with an ongoing data transfer. Along with sep-
arate address, read data, and write data buses, the PLB has been designed with
high performance in mind [7]. Hence, two cores can overlap protocol and data
communication resulting in more combined bandwidth than either could achieve
as a single core.

The results illustrated in [Figure 5.3(a) shows consistent performance for one
and two cores under non-burst accesses; however, the bandwidth drops to 12.27
MB/s — a loss of 49% of the effective bandwidth of a single core — with four
cores. The problem persists as eight cores are added and the bandwidth drops to
6.89 MB/s. [Figure 5.4[a) As with the single core tests, burst transactions provide
the best results. The non-burst trends carry over to the burst trends in that four
cores average bandwidth drops by nearly 50% to 101.59 MB/s and eight cores
drop to 69.81 MB/s.

The bandwidth realized by the OPB even in a single core is nearly half of
a single core on the PLB. Surprisingly, as multiple cores are added the average
bandwidth achieved per core more closely matches that of the PLB. Where with
a single core on the OPB the difference was 1.62 times the bandwidth achieved by
the PLB, [Figure 5.3(b) shows that four and eight cores provide only a 1.49 and
1.21 times increase respectively. In burst transactions seen in [Figure 5.4(b), the

46



OPB bandwidth drops by 40% with two cores and nearly 70% with eight cores.
The OPB is a simpler design [6] and provides a common interface without
requiring the investment in resources required to implement the PLB. The 32-
bit data bus automatically reduces the effective bandwidth in half compared to
the 64-bit bus of the PLB. The OPB also only provides primary and secondary
arbitration and address parking instead of providing separate buses and address

pipelining, as the PLB does.

As is evident from [Figure 5.6/ and [Figure 5.5 the PLB is capable of improving

efficiency as the number of cores demanding access increases. In contrast, the
OPB is only able to sustain two high-demand cores before suffering the effects of
bus contention. This means when designing a system with the OPB two cores will
receive nearly double the bandwidth of the next two cores. While this may seem
beneficial for systems with two cores demanding bandwidth, two cores is rather
limited from an HPC point of view where tens or even hundreds of cores may need
access to memory.

Broadly speaking, one would expect that the effective bandwidth, per core,

would decrease as more cores share the resource; however, [Figure 5.7 and [Fig-

show the total bandwidth actually realized increases with additional cores.
The PLB and OPB are designed to connect up 16 master cores which means for
the PLB, which uses separate address, data, and signaling buses along with ad-
dress pipelining, it would be reasonable to speculate the aggregate bandwidth
would continue to increase. The OPB, on the other hand, would not increase as
much as the PLB due to its individual core bandwidth’s characteristics where a

loss of approximately 50% occurs for every two cores.
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Figure 5.3. Average bandwidth of multiple cores and SDRAM con-
nected on the same bus (a) PLB (b) OPB performing non-burst trans-
action
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Figure 5.6. Individual bandwidth of multiple cores and SDRAM
connected on the same bus (a) PLB (b) OPB performing burst trans-
action

51



PLB Aggregate Bandwidth (Non-Burst)

60.00

W Core 8
55.00 - WCore 7
Core 6

W Core 5
50.00 -

N
[=)
o
IS]

Bandwidth (MB/S)
g

| ™ Core 4

Core 3

45.00 1 W Core 2

W Core 1
Cores in Test

20.00
15.00
10.00
5.00
0.00 T T T
1
(a)

2 4 8
OPB Aggregate Bandwidth (Non-Burst)

50.00

W Core 8
M Core 7
45.00 + " Core 6
M Core 5
W Core 4
40.00 1 Core 3
M Core 2
MCore 1

35.00

30.00

.

25.00

i
20.00
15.00
10.00
5.00
0.00 . . .
2 4

Cores in Test

(b)

Figure 5.7. Aggregate bandwidth of multiple cores and SDRAM
connected on the same bus (a) PLB (b) OPB performing non-burst
transaction

Bandwidth (MB/s)

52



PLB Aggregate Bandwidth (Burst)

600.00
" Core 8
M Core 7
550.00 11 core 6
M Core 5
500.00 + = Core 4
Core 3
450.00 | M Core 2
W Core 1
& 400.00
~
o
s 350.00
Nt
£ 300.00
2
3
o 250.00
c
o 200.00 |
150.00
100.00
50.00 -
0.00 -
1 ) 8
Cores in Test
(a)
OPB Aggregate Bandwidth (Burst)
275.00
W Core 8
M Core 7
250.00 1 1 Core 6
M Core 5
225.00 | ¥ Core 4
Core 3
M Core 2
200.00 —m Core 1
-~
(]
~ 175.00
-]
=
~ 150.00
K=
5
= 125.00
3
T
S 100.00 |
o0
75.00 +
50.00 -
25.00 +
0.00 + T T T
1 2 4 8

Cores in Test

(b)

Figure 5.8. Aggregate bandwidth of multiple cores and SDRAM
connected on the same bus (a) PLB (b) OPB performing burst trans-
action

93



Chapter 6

Conclusion

The Reconfigurable Computing Cluster Project is investigating the use of Plat-
form FPGAs in High Performance Computing (HPC) clusters. Specifically, the
RCC Project is exploring the feasibility of building a cost-effective cluster capable
of scaling to the PetaFLOPS (10 floating-point operations per second) range.
One part of this analysis is to understand the performance currently available
off-the-shelf components could provide such a system.

This thesis focused on the effective bandwidth between hardware cores and
off-chip memory to determine the feasibility for leveraging existing components
and bus structures to support science applications high bandwidth requirements.
While these components provide flexibility and convenience, which allows them
to be used in a variety system designs, the price we pay for general-purpose is
performance.

First, we empirically characterized the performance of several CoreConnect
on-chip memory subsystem under three common HPC memory access patterns.
Second, based on that data, synthesized a set design guidelines for getting the most

performance out of the memory subsystem for High-Performance Computing. By
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addressing these two goals, we can answer the question of feasibility.

Our results show quite clearly the bus is a limiting factor in off-chip memory
access. So much so that the bandwidth achieved by even a single core, regardless
of access pattern, is a mere 3% of the total theoretical bandwidth of the bus. The
results are even worse when considering DDR SDRAM’s theoretical bandwidth
of up to 3200 MB/s which results in 0.78% utilization, less than a percent. An
improvement in performance requires burst transactions which provides 25% of
the bus’s bandwidth, but again a mere 6% of DDR SDRAM’s bandwidth. The lo-
cation of the core within the system effects the performance as well. The PLB was
designed with high performance in mind while the OPB is traditionally utilized
by lower performance demanding components. Cores on the OPB obtain only
62% of the bandwidth of the PLB. Next, adding a bridge to connect two buses
reduces the performance by adding additional overhead associated with traversing
both buses and the bridge. Finally, adding multiple cores to the system better
characterizes performance achieved by High Performance Computing. The buses
are capable of connecting multiple cores and the PLB is designed to sustaining
multiple requests; however, our results show a performance loss of 50% for four
cores and 70% for eight cores.

A mere 1.6% - 4% of the bus’s theoretical bandwidth for non-burst trans-
actions and 25% for burst transactions highlights the vast potential to improve
bandwidth. While the bus does offer many advantages, especially to embedded
systems applications where memory bandwidth is not as serious of a concern, the
results raise doubts for its impact on overall HPC applications performance. For-
tunately, by doubling the effective bandwidth — which efforts from this thesis

suggest is plausible — it is likely to double the rate-of-computation by provid-
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ing each computational core with data faster, reducing the core’s idle time and

improving performance.

6.1 Future Work

This research has investigated the currently available off-the-shelf component’s
performance in order to understand what the potential for what future improve-
ment might be. Our work has shown thus far that a bus architecture will not
suffice. In addition, cores which are commonly available may provide more generic
interfaces in order to provide portability instead of efficiency. Changing our focus
now to how to most effectively increase performance, we are currently considering
some of the following options as possible extensions to this work.

From our research we found burst transactions provided a significant increase
in performance over non-burst transactions. While burst transactions are limited
by sequential access, a split bus approach could be considered. Off-chip memory
would connect to a small number of cores through one bus, each of which perform
transactions on behalf of cores, connected on a second bus, needing to access
off-chip memory. It may be possible to intelligently access off-chip memory more
efficiently under this interface at the cost of FPGA resources.

In commodity processors a cache is the current solution improve latency; how-
ever, current implementations of caches for FPGAs do not provide nearly the
same performance as caches designed, and hand tuned, for processors. As a result
the resource utilization for a cache has left it as a less than ideal approach for
FPGAs. However, it is worth investigating further as FPGAs continue to increase
the amount of resources available.

Under a bus structure the amount of routing resources is minimized to connect
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multiple cores together along with off-chip memory. In addition multiple cores
can easily be added to the design and all have access to memory. It is worth
investigating the potential increase in performance a single core would have to
off-chip memory, without traversing or contending for the bus.

Alternatively focusing on a change in the actual memory used may provide
the desired improvement in performance. Multiple channels of memory would
effectively provide access to a wider memory increasing theoretical bandwidth by
two or even four fold. Newer memory modules, such as Fully Buffered RAM, may
also hold the key for performance increases. While we remain limited in memory
access due to pin communication electrical characteristics, it may be possible
design an alternative memory controller and off-chip memory interface to retrieve
data at a higher frequency or with decreased latency.

These back of the envelope ideas are only to shed some light on the vast poten-
tial research opportunities available within this field. Clearly High Performance
Computing will remain in the academic, commercial, and national interest and as
such it is necessary to continue to speculate, investigate and innovate in order to

push the computational envelope.
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