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Abstract

Energy efficiency of computing systems has become crucial with the end of Dennardian
scaling in which voltage scaling has stalled, thereby increasing power density with decreasing
transistor size. One method to improve energy efficiency is to use accelerators specialized for a
certain set of computing problems. Unlike traditional general-purpose processors, such an
accelerator avoids the overhead of fetching and scheduling instructions. Supporting
reconfigurability for accelerators can provide acceleration for a broader range of applications.
This dissertation document investigates architectural techniques to enable energy-efficient data
processing using reconfigurable accelerators and explores two aspects of this area: customizing
L1 data caches for computing systems integrated with reconfigurable accelerators, and proposing
a near-memory data processing architecture to decrease the energy consumption of data transfers
between compute-engines and memory.

Data transfers between accelerators and memory are often a bottleneck for both performance
and energy efficiency. This dissertation document demonstrates the potential of a configurable L1
data cache to exploit diversity in cache requirements across hybrid applications that use hardware
accelerators. Configurable caches improve energy efficiency while maintaining high
performance. One configurable feature is the cache topology; it can be reconfigured as a set of
private L1 caches, or a single L1 cache shared by a processor and an accelerator. This dissertation
also proposes a technique for L1 caches to provide a configurable tradeoff between the number of
cache ports and its capacity.

To further reduce the overhead of transferring data between compute-engines and memory,
this dissertation proposes NDA (Near-DRAM Acceleration), an architecture that stacks low-
power, flexible reconfigurable accelerators atop off-chip commodity DRAM devices. The

accelerators can thus access data directly near DRAM, without the need to bring data from off-



chip DRAM devices through the memory hierarchy of the host processor. To make this
architecture attractive to industry and practical in the short run, we take commodity 2D DRAM
devices and make minimal changes to DRAM devices to provide, in a practical way, high-
bandwidth connections between accelerators and DRAM devices for the purpose of near-memory
processing. The proposed NDA architecture requires no change to the host processor design and
minimal changes to the commodity DRAM device while maintaining the compatibility with the
standard DRAM interface and DIMM architecture. This dissertation explores three NDA
microarchitectures to stack accelerators atop DRAM devices and analyzes the impact of
supporting such NDA microarchitectures on DRAM area, timing, and energy in detail. The first
NDA microarchitecture connects accelerators and DRAM through global I/O lines (inter-bank
datalines) that are shared between all DRAM banks. In the second NDA microarchitecture, global
I/O lines are doubled to increase the internal bandwidth between accelerators and DRAM. The
third microarchitecture connects accelerators and DRAM through global datalines that are private
to each DRAM bank, substantially increasing DRAM internal bandwidth. This dissertation also
identifies various software and hardware challenges in implementing the proposed NDA
architecture (e.g., processor-accelerator and DRAM-accelerator communications due to sharing

the main memory system with the host processor) and provides cost-effective solutions.
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1 Introduction

As transistors continue to scale with each new process technology, power density of a chip
increases since operating voltage remains roughly constant. This results in higher energy
consumption with the continued increase in number of chip transistors. As a result, energy
consumption has become a major target for computer architecture researchers to tackle.
Specialization of computing structures for required operations allows reduction in energy
consumption and performance improvement by more efficiently using silicon area. This chapter
motivates using specialized hardware accelerators to increase energy efficiency. It also introduces
techniques to improve energy efficiency of data communication in accelerated systems and

presents an architecture that uses accelerators for data processing near memory.

1.1 Motivation

Energy efficiency concerns have driven a shift from traditional computer architecture designs
to heterogeneous design techniques, such as using specialized domain-specific or application-
specific accelerators. Accelerators can reduce the energy penalty of instruction-based execution
by implementing computations as circuits rather than programs stored in memory that must be
retrieved instruction by instruction in order to be executed. The performance and energy
efficiency benefits of specialized accelerators over general-purpose processors allow a designer to
considerably improve system energy efficiency by trading the relatively cheap commodity of area
for the expensive commodity of energy [1], [2].

Unlike ASIC cores that accelerate only a single specific computation (or a very small set of

them), Reconfigurable accelerators are flexible structures can be specialized post-fabrication [3]



to accelerate a wide variety of computations by implementing different accelerator circuits at
different times. Reconfigurable accelerators perform compute-intensive operations more quickly
with less energy than traditional processors [4] by exploiting spatial parallelism in application
kernels (compute-intensive portions of an application) to implement computations as parallel
circuits.

Figure 1 shows the energy dissipation breakdown of an out-of-order processor and DRAM
devices over 11 different scientific and multimedia applications (refer to Chapter 3 and Section
5.4.1 for evaluation methodology and benchmark descriptions). We categorize the energy
dissipation into five components. The “instruction fetch and control” component comprises
energy dissipation of fetching and scheduling instructions in the processor. The “execution”
component represents the energy dissipated in processor execution units. The “on-chip transfer”
component includes energy dissipation of the register file, cache hierarchy, LSQ, and buses. The
“off-chip DRAM I/O” represents energy dissipation of the memory I/O interface. Finally, the
“DRAM devices” component represents energy dissipation of memory subsystem. In our tested

applications, 17% of the total system energy is spent in the overheads of fetching and scheduling
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Figure 1. Combined processor and DRAM energy consumption.
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instructions. This indicates significant potential for reconfigurable accelerators to reduce energy
by flexibly, but efficiently, performing computation tasks without instruction-based execution. In
addition, accelerators speed up application execution, reducing system’s leakage energy.

However, the performance and energy efficiency benefits of systems with accelerators greatly
depend upon how they are integrated into the memory hierarchy [5]. If they use a shared-memory
communication paradigm, the data cache architecture has a strong effect on the system’s
performance and energy efficiency. However, conventional processor cache architectures do not
necessarily provide an efficient solution for reconfigurable accelerators because of differences in
memory access patterns and bandwidth requirements. Therefore, we propose techniques for
improving energy-efficiency of the cache hierarchy in processor-accelerator systems (Section
1.2).

Tailoring the cache design to the needs of systems with reconfigurable accelerators improves
energy efficiency considerably, but it still leaves room for improvement. An important source of
energy inefficiency in current computing systems originates from moving data between where it
is stored and where it is processed. The processor usually must transfer data from off-chip
dynamic random access memory (DRAM) devices to its on-chip cache hierarchy and then into its
register file before processing it. Energy consumed by this data movement is much higher than
that consumed by actual data computation. For example, reading a data word from an L1 cache
consumes about an order of magnitude more energy than performing an arithmetic operation on a
data word [6]. Figure 1 shows that on average data movement (both on-chip and off-chip)
constitutes 42% of total energy. As a result, data movement is the major component of the total
system energy.

Furthermore, the contribution of data movement energy to the total system energy is

projected to increase even further with technology scaling [7], [8]. Figure 2 compares the rate in



which data computation and data movement energy scales in future process technologies. Figure
2 shows that data computation energy (ALU operations) scales well in future processor
technologies, but data movement energy on global wires does not decrease significantly because
wire capacitance per distance unit (mm) does not scale as suitably as transistor switching
capacitance [7]. Therefore, we expect that data movement energy dominates total system energy
in future process technologies. To address challenges associated with ever-increasing data
movement energy, we propose architectural innovations to enable local data processing using
accelerators (Section 1.3).

This dissertation studies energy reduction and performance improvement opportunities
through novel design techniques and heterogeneous architectures that exploit reconfigurable
accelerators. To lay the foundation for this research, we begin by examining heterogeneous
architectures that couple an embedded processor and a reconfigurable accelerator through a

shared-memory cache hierarchy. We explore data cache requirements for these architectures and
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Figure 2. Energy scaling projections of DRAM access and communication, global wire
transition, floating point arithmetic operation, .1 cache access, and register file access.
Data is extracted from [7], [98], [161], [162].



find cache design parameters that achieve high energy efficiency for different hybrid
software/accelerated applications. Guided by this exploration, we investigate configurable cache
design techniques that allow the designer to adapt the L1 data cache structure according to cache
requirements across hybrid applications. To reduce data movement energy, We then propose a
near-memory processing architecture that use reconfigurable accelerators stacked atop of
commodity DRAM devices to process data close to where it is stored. We propose
microarchitectures to increase the memory bandwidth between DRAM devices and
reconfigurable accelerators in our near-memory processing architecture. Finally, we identify
various software and hardware challenges in implementing our proposed architecture and provide

novel cost-effective solutions.

1.2 Reconfigurable Cache Architectures for Processor-Accelerator
Systems

Prior studies have primarily examined the performance of accelerator architectures or specific
application implementations on reconfigurable computing platforms. Few efforts have examined
the effects of cache design on energy efficiency of systems composed of embedded processors
and reconfigurable accelerators implemented on a single chip using ASIC technology. In this
dissertation, we revisit cache design decisions made for general-purpose multi-core processors
based on the unique needs of a reconfigurable accelerator. Specifically, we study energy-efficient,
high-bandwidth cache designs for embedded systems with reconfigurable accelerators.

We first investigate the impact of cache design and organization on energy efficiency of
heterogeneous architectures that couple an embedded processor with a reconfigurable accelerator
through a shared-memory cache hierarchy on a single chip. We call these architectures processor-

accelerator architectures. In these architectures, software codes are run on the processor, while



application kernels are implemented in the accelerator. This results in faster computation and/or
less energy consumption due to the specialized computational structures in the accelerator.

Accelerators exhibit different memory access pattern and memory access rate when compared
to processors. Therefore, cache design requirements of these architectures are different from those
of processor-only architectures. First, memory access patterns differ between a processor
executing primarily or entirely sequential software code and a reconfigurable accelerator that
implements a highly-parallel circuit. Second, the memory access rate of a reconfigurable
accelerator is quite different from that of a processor running a functionally-equivalent software
application. An accelerator performs potentially many parallel computations, and thus generally
accesses memory at a higher rate than a processor. Unlike processors, accelerators also often
issue separate bursts of read and write requests which favor high-bandwidth data communication
methods to accommodate higher memory access rate [9], [10].

Therefore, reconfigurable accelerator’s caches should be carefully designed based on the
characteristics of the applications expected to use them. We explore the design space of L1 data
caches to find a set of cache parameters that improve energy efficiency of processor-accelerator
architectures. Guided by this exploration, we propose modifications to the L1 data cache level in
processor-accelerator architectures to maximize energy efficiency of data caches in embedded
systems in which processors and accelerators communicate through the cache hierarchy..

We propose a configurable data cache interface that allows the processor and accelerator to
either share an L1 data cache or have their own private data caches. In fact, this interface allows
having two different L1 data cache organizations in processor-accelerator architectures (acting as
a single shared L1 data cache or two private L1 data caches). My goal is to provide an interface
that enables a designer to select the organization with better energy efficiency based on the

executing hybrid application.



Next, we propose a configurable cache port design that allows a designer to increase the
number of cache ports by trading off cache capacity in processor-accelerator architectures. Some
hybrid applications benefit from high-bandwidth caches due to reduction in execution time, while
the performance of some other applications is not highly improved by multi-port caches. For
these applications, using multi-port caches leads to unnecessary higher energy dissipation without
noticeable performance improvement. Based on this observation, a configurable cache port
design can improve the performance of hybrid applications that benefit from multi-port caches by
configuring the cache as a multi-port cache, while it keeps the energy consumption low for other
hybrid applications by configuring the cache as a single-port cache (Section 4.5). A configurable
cache port design provides a tradeoff between L1 data port count and capacity to better support a
variety of accelerated application kernels. To evaluate the configurable port cache design, we
compare its performance and energy consumption with the various existing design techniques to

implement multi-port caches.

1.3 NDA: Near-DRAM Acceleration

In approach described in the previous section, the accelerator is located near the processor,
and acts as a co-processor. Data must be transferred from off-chip memory to on-chip caches
before it can be processed by the accelerator. This data movement constitutes a large portion of
the total system power consumption. To reduce data transfer (movement) energy, we can
decrease data transfer distance by processing data near or in memory where it is stored. This
motivates us to re-examine the previous processors-in-memory (PIM) architectures [11]—[23] that
aimed at improving performance by integrating processor logic and DRAM on the same die. Such
PIM architectures, however, suffered from high manufacturing complexity (i.e., low yield), poor

processor logic performance, high cost per DRAM bit [24], [25], and high design/verification cost



associated with custom DRAM architectures. Recently, 3D-stacking technology [26]-[30] has
emerged as an alternative integration technology. It can solve some of the critical problems faced
by the previous PIM architectures because it integrates logic and DRAM layers, each of which is
manufactured with dedicated and separate process technology, with high-bandwidth and low-
energy TSVs.

Leveraging 3D-stacking technology, researchers have proposed near-DRAM acceleration
(NDA) architectures that integrate accelerator logic and custom DRAM devices to reap the
performance and energy-efficiency benefits of both accelerators and near-memory processing and
demonstrated promising results [31]-[34]. More specifically, they focus on either accelerator
architecture where its memory system is separate from the host processor’s main memory system
(similar to a discrete GPU architecture) or the integration of and interaction between accelerators
and DRAM using proprietary interfaces.

In this dissertation, we explore a near-memory processing architecture that we call NDA
(Near-DRAM Acceleration). In NDA, contrary to prior work, accelerator logic is stacked atop
commodity “2D” DRAM devices. The goal of NDA is to improve energy efficiency by exploiting
local (near-memory) data processing. Commodity DRAM and logic are implemented on separate
layers and connected using TSVs. In the NDA architecture, processing elements are physically
close to memory devices, avoiding off-chip data communication. Thus, instead of moving data
between compute-units and far memory in conventional systems, in this architecture data can be
processed near DRAM devices, minimizing the distance of (and therefore energy consumed by)
data transfers.

Although, the NDA architecture is not dependent on any specific compute-engines, we use
coarse-grain reconfigurable accelerators as compute-engines near memory since they have better

performance and energy consumption than SIMD and GPU engines for most parallel workloads



[35]. Low energy is important since near-memory architectures have more stringent
power/thermal constraints. In the NDA architecture, reconfigurable accelerators can take
advantage of spatial parallelism in applications to speed up a wide range of applications.
Furthermore, reconfigurable accelerators can process data much more energy-efficiently
compared to processors since they are specialized units.

The NDA architecture does not require major changes to the underlying architecture of
commodity DRAM devices apart from additional TSVs. Since even small design changes could
affect DRAM’s cost-per-bit, DRAM manufactures are not usually amenable to changing the
internal architecture of DRAM devices. This is also particularly attractive to DRAM
manufacturers looking to provide added value to their products without significant rework or
requiring cooperation from large microprocessor companies.

In this dissertation, we discuss hardware challenges to interface reconfigurable accelerators
with commodity DRAM devices using TSVs. We propose three microarchitectures to connect
reconfigurable accelerators and DRAM devices in the NDA architecture. In the first
microarchitecture, TSVs are connected to existing global /O lines of DRAM. In this
microarchitecture, the internal bandwidth between accelerators and DRAM devices is the same as
DRAM external (off-chip) data bus. However, the internal DRAM bandwidth can be significantly
higher than the off-chip DRAM bandwidth. This higher internal bandwidth can be exploited by a
processor-near-memory architecture. Our next two proposed microarchitectures present the
opportunity to exploit this higher bandwidth. Higher internal memory bandwidth between
accelerators and DRAM devices can improve performance of data-intensive applications mapped
to the NDA architecture. In the second microarchitecture, we double global I/O lines and connect
TSVs to global I/O lines. In the third microarchitecture, we provide a separate data connection for

each DRAM bank and connect TSVs to global datalines. Global datalines, contrary to global I/O
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lines, are private to each DRAM bank. We then carefully analyze the impacts of our three
microarchitectures on DRAM area, access energy, and timing parameters. For example, we
analyze the impact of higher number of TSVs (required to enable higher internal bandwidth) on
DRAM area.

We also present software changes required in the applications mapped to NDA to maintain
compatibility with the existing DIMM architecture. We analyze performance and energy
consumption of our proposed NDA architecture using simulation methods and compare it with
conventional computing architectures. Our results show that the NDA architecture improves

system performance significantly while also decreasing overall energy consumption.

1.4 Contributions

This dissertation aims to address the growing energy concerns of computing systems by
investigating and proposing novel heterogeneous architectures that use reconfigurable
accelerators for data processing. Although reconfigurable accelerators traditionally suffered from
high area overhead and long reconfiguration time, transistor scaling and scheduling techniques
have paved the way for their use in future computing systems. To enable energy-efficient data
processing using accelerators, the research presented in this dissertation makes the following

contributions:

Processor-accelerator architectures

» Exploring the design space of L1 data caches for processor-accelerator
architectures. We evaluated the impact of cache design parameters such as capacity,
number of ports, associativity, and private vs. shared organization on performance and
energy consumption of different embedded applications. This investigation provides

insights into the cache design requirements of the tested applications.
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Proposing a configurable cache interface that allows the accelerator to either share
the processor’s L1 data cache or to use its own private L1 data cache. The system
can thus switch between two different organizations of the cache hierarchy based on the
characteristics of the executing application to provide the best performance and/or energy

efficiency.

Proposing an L1 data cache design with a configurable tradeoff between capacity
and port count to tune cache bandwidth based on the currently-running application.
We examined the impact of this cache design on the performance and energy efficiency
of embedded applications and compared it with existing design techniques such as true

multi-port and multi-bank caches.

Processing-near-memory architectures

»

Proposing a near-memory processing architecture that we call NDA. This
architecture exploits 3D-stacking technology to enable energy-efficient local data
processing by coupling reconfigurable accelerators on a logic layer and DRAM devices
on a separate memory layer. The NDA architecture that requires no change to the host
processor design and minimal changes to the commodity DRAM device’s I/O circuitry
while maintaining the compatibility with the standard DRAM interface and DIMM

architecture.

Proposing three NDA microarchitectures that can provide diverse DRAM-
accelerator bandwidth. We analyze the impact of supporting such microarchitectures on

DRAM area, timing, and energy in detail.

Identifying software and hardware challenges and proposing solutions. We study

different challenges in implementing our NDA architecture (e.g., processor-accelerator
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and DRAM-accelerator communications due to sharing the main memory system with

the host processor) and provide novel cost-effective solutions.

1.5 Dissertation Organization

This dissertation is organized as follows: Chapter 2 provides a detailed overview of
background and related work on configurable caches and processing-in-memory architectures.
Chapter 3 discusses the experimental framework, including the simulation infrastructure and
benchmarks development methodology. Chapter 4 introduces our configurable cache designs for
the L1 cache in the processor-accelerator systems. Our contributions presented in this chapter
have been published in the proceedings of IEEE International Symposium on Performance
Analysis of Systems and Software (ISPASS) in 2014. Chapter 5 introduces our new near-memory
processing architecture and evaluates its performance and energy consumption. Our contributions
presented in this chapter have been published in the IEEE Computer Architecture Letters (CAL)
in 2014 and the proceedings of IEEE Symposium on High Performance Computer Architecture in

2015. Finally, Chapter 6 concludes the dissertation and summarizes key observations.
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2 Background and Related Work

This chapter explores related work and background material that is central to this dissertation.
Section 2.1 introduces reconfigurable accelerators and summarizes methods to integrate these
accelerators into computing systems. Section 2.2 surveys previous work on high-bandwidth and
configurable caches. Section 2.3 provides an overview of DRAM devices and covers previous

architectures to enable in-memory computing.

2.1 Reconfigurable Accelerators
This section describes the architecture of coarse-grain reconfigurable accelerators and
methods employed for transferring data between these accelerators and a system’s memory

hierarchy.

2.1.1 Coarse-grain Reconfigurable Accelerators (CGRASs)

A large body of work has investigated reconfigurable hardware for exploiting spatial
parallelism in applications [36]. Some systems employ coarse-grained functional units designed
to implement dataflow graphs [35], [37]-[41], while others use finer-grained units or FPGA-like
hardware [42]-[45]. Coarse-grain reconfigurable accelerators (CGRAs) are composed of a grid of
function units (FUs), which are also called processing elements (PEs). FUs operate on word-sized
data, and can perform arithmetic and logic operations. A reconfigurable interconnect provides the
capability for inter-FU communication as well as communication into and out of the accelerator.
A dataflow graph of a compute-intensive application kernel, containing nodes (operations) and
edges (data communication), is mapped to the CGRA’s FUs and interconnect either manually or

using automated techniques [46].
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CGRAs, such as those used in DySER [40] and SGMF [47], considerably improve
performance and energy consumption compared to conventional processors by exploiting spatial
data parallelism in application kernels and efficiently processing kernel’s dataflow graphs [40],
[43], [47]-[49]. In particular, CGRAs can practically eliminate the large energy overheads of
fetching and scheduling instructions in conventional out-of-order processors. With recent
advances in their compilers and architectures [50]-[54], CGRAs are gaining momentum in
various applications and are integrated in several architectures [35], [37]-[41]. CGRAs improve
the performance and energy-efficiency of many applications with high degrees of parallelism
such as multimedia, signal processing, cryptography, scientific data analysis, face detection, voice
recognition, and pattern matching [36], [55].

Compared to fine-grain reconfigurable accelerators (e.g., FPGAs), CGRAs are less flexible
because of performing word-level operations (instead of working at a bit-level granularity).
However, for the same reasons, CGRAs result in higher performance, lower energy consumption,
and much smaller configuration data (which allows for a shorter configuration time) [49], [56]-

[59].
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Because this dissertation is not focused on the detailed low-level accelerator architecture, but
rather its interaction with the rest of the system and the memory hierarchy in particular, we use an
existing reconfigurable accelerator design rather than create a new one. We model a coarse-
grained accelerator similar to the DySER architecture [40] with a heterogeneous grid of 32-bit
functional units connected by a configurable routing fabric (Figure 3). Most functional units in
this architecture can perform addition, subtraction, and a few logical operations, while a few
functional units can perform complex operations such as multiplication. Like most CGRAs, the
architecture also includes small local storage structures to keep intermediate data near the
functional units that use them. This prevents CGRAs from polluting the cache (or memory) with
data exhibiting low temporal locality that is only accessed once, and helps decrease energy
consumption, particularly in streaming applications [4]. The processor triggers CGRA
reconfiguration at runtime to implement different kernels at different times, overwriting
configuration memory with the new dataflow graph’s configuration data. This allows the CGRA
to act as “virtual hardware” [3]. Configuration data for the various dataflow graphs can be

retained in main memory until it is needed, and is often cached in configuration memory local to
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Figure 3. A CGRA with a grid of 2x2 functional units.
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the CGRA. At configuration time, The CGRA reads the configuration data from the configuration
memory (or main memory) to reprogram its functional units and switches. Although the
experiments presented in this work assume the accelerators are CGRAs, the proposed techniques

would also apply to other highly-parallel accelerator structures.

2.1.2 Interfaces between Reconfigurable Accelerators and Processors

This section briefly discusses different major architectural methods used to transfer data
between a reconfigurable accelerator and the memory hierarchy in a heterogeneous system.

Local Buffer: In some cases, an accelerator is not integrated into the system’s memory
hierarchy; instead, a local buffer provides storage space for accelerator inputs and outputs, which
are filled/fetched by the processor. The accelerator has no independent access to the processor
data cache and main memory. The processor loads a batch of data into the accelerator’s local
buffer for the accelerator to consume. Once the accelerator finishes computation and writes its
results back into the buffer, the processor copies those results to the memory hierarchy. The
programmer must explicitly perform these data transfers. Many reconfigurable systems use this
mechanism due to its architectural simplicity [60], [61].

Shared-Memory Cache Hierarchy: Instead of communicating through a separate local
buffer, an accelerator may instead be integrated into a shared memory hierarchy [62], [63]. Direct
access to the cache hierarchy helps accelerators load their required data on demand without any
help from the processors.

There are several ways to organize the cache hierarchy for these architectures. The
accelerator and processor may have private data caches, with shared input data loaded into each,
increasing data duplication. The FARM prototype [64] coherently connects an FPGA board with

private caches to two AMD boards through HyperTransport links. In the Many-cache memory
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architecture [65], an FPGA-based accelerator uses multiple, multi-bank private caches; each
cache targets a specific type of data or memory region.

Alternatively, one or more cache levels may be shared between the processor and accelerator.
Sharing a data cache can greatly reduce communication traffic. For instance, a shared L2 cache
was shown to provide higher performance and more energy-efficiency than a private L2 cache for
applications with a great deal of interleaved software and hardware execution [5], [62]. Sharing
the L1 could, however, improve performance of both accelerated and software-only execution if
they share a working set that fits in the shared L1 cache.

In the Garp architecture [44], [45], an accelerator and a single processor share an L1 data
cache. While the accelerator is active, it controls the memory hierarchy buses to load or store data
from/to memory and has access to the same memory system as the processor. In the Tartan
architecture [43], a special bus allows direct communication between a processor’s register file
and an accelerator, and they also share an L1 data cache. Choi er al. [66] investigates
performance and area of multi-port caches in a system where a soft processor shares an L1 cache
with several accelerators on an FPGA.

In this dissertation, we however investigate performance and energy efficiency of the cache
hierarchy in a system where the whole system including the processor, caches, and coarse-grained
accelerator is implemented using ASIC technology, thus having different requirements and

characteristics.

2.2 Caches

Accelerators process data at a higher rate and therefore issue more requests to memory per
time unit compared to processors. Therefore, cache bandwidth is critical for the performance of

accelerators that communicate through a system’s cache hierarchy. This section briefly presents
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existing techniques to implement high-bandwidth caches and configurable caches that allow the

cache design to be customized to application needs at runtime.

2.2.1 High-Bandwidth Caches

High cache bandwidth is necessary in systems where accelerators are connected to the cache
hierarchy, in order to supply accelerators with data at the increased rate required by their
increased computation capabilities. There are several types of multi-port cache designs that
increase cache bandwidth [67]-[69]:

o True (ideal) multi-porting: all N cache ports operate independently, and N different addresses
can be accessed simultaneously each cycle. Because true multi-porting incurs high
area/power/delay costs, this approach is not feasible for large caches. Each extra port adds
transistors to the SRAM cells and enlarges auxiliary circuits such as decoders and
input/output circuits. Hence, it increases cache area, energy per access, leakage power, and
hit time. Yet, if high bandwidth is needed, the increase in dynamic and leakage power may be
offset by shorter execution time and reduced overall energy.

e Time division multiplexing (virtual multi-porting or multi-pumping): the cache runs N times
faster than the processor, providing the appearance of N ports. This technique does not scale
to large port counts because of clock speed limits.

® Cache replication: a single-port cache is replicated N times, providing N read ports, but one
write port is broadcast to the replicated caches to maintain coherence. Thus, cache area
increases linearly with the number of read ports. Stores are costly in terms of energy
consumption due to the broadcast.

e Cache interleaving (multi-bank caches): the cache contents are split across N independently-
addressed banks, allowing up to N simultaneous requests (at most one per bank). Requests to

the same bank suffer from bank conflicts. Increasing the number of banks improves cache
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access parallelism and cache access time (smaller banks), but increases area and wire delay of
the arbitration and bank interconnection circuitry. This increases cache area and delay,
limiting the feasible number of banks. In banked multi-ported caches, data can be split across
the banks in multiple ways. Among them are line interleaving and word interleaving. Line-
interleaving partitions the address space across multiple banks using a cache line granularity
(Figure 4a). In word-interleaved multi-bank caches, the words within a cache line are
distributed across multiple banks (Figure 4b). Requests to sequential words in word-
interleave banked caches are served by different banks, reducing bank conflicts (and thus
increasing performance) for sequential accesses as compared to line-interleave caches.
However, word-interleave caches require multi-port tags or replicated tags to serve parallel
requests to the same cache line [68]. The line tag must be replicated as many times as the
number of banks, or the tag array must have as many ports as the number of banks. For
example, in Figure 4b, tags for Banks O and 1 are duplicates. Note that there could be more
than two words per cache line depending on the number of words per cache line and the

number of banks.
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Figure 4. Interleaving schemes in dual-bank caches. (a) line interleaving (b) word interleaving.

2.2.2 Configurable Cache Architectures

Configurable caches provide the opportunity to tune cache parameters based on the
requirements of the executing application. Much research work has studied configurable caches.
This section mainly focuses on studies that are fundamental to this research.

Selective-ways [70] is a reconfigurable method that provides the ability to vary the number of
cache ways in a set associative cache. The key goal is to reduce the dynamic energy of the data
array in a set associative L1 cache by reducing the number of active ways. This method provides
a flexible tradeoff between performance and energy. When performance degradation is small or
tolerable, a subset of ways can be disabled. When high performance is required for cache-
intensive applications, more cache ways can be enabled. Frequent change to the number active
ways may incur high performance and energy overheads. Therefore, the number of active ways
changes only prior to application’s execution at context switch time (i.e., process granularity).

There are three approaches to handle data in a disabled way. That data can be (1) flushed, (2) only
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accessible for coherence request, or (3) transferred to an enabled way. Frequent data flushing of
disabled ways may impose substantial performance and energy overhead. The other approach is
to make tag and data arrays of all ways accessible for coherence requests. Finally, data in a
disabled way can be transferred to an enabled way when there is a hit to the disabled way by
adding some logic to the cache datapath.

The way-concatenation method [71] provides the ability to vary the associativity of cache
while still having the full cache capacity. By modifying the address decode logic, the method
enables trading off fewer ways for more sets. The goal is to reduce the cache access energy by
lowering associativity. The V-way method [72] provides the ability to vary the associativity of an
L2 cache on a per-set basis. The method is based on the observation that applications do not have
a uniform distribution of memory accesses across cache sets. This method reduces the miss rate
by independently varying the associativity of sets based on the running application.

Selective-sets [ 73] provides the ability to vary the number of cache sets by enabling/disabling
a subset of cache arrays. The goal is to reduce the energy consumption by resizing cache and
power gating the disabled arrays [74]. Since resizing changes the cache look-up function (i.e., set-
mapping for cache lines), this method requires to store all the tags bits for the smallest possible
cache size which impose area overheads. Moreover, dirty cache lines of disabled arrays should be
written back to the lower level cache and all lines (clean or dirty) in cache arrays in which their
set-mappings change after enabling the cache arrays should be flushed.

The hybrid selective-sets-and-ways method [75] combines both selective-ways and selective-
sets to provide higher energy efficiency by allowing a wider range of possible cache sizes. Both
selective-ways and selective-sets exploit the cache subarray technique in which a cache is divided

into multiple subarrays to reduce both cache access latency and operation energy. This hybrid



22

method uses the subarray techniques to better match the required number of sets and ways to the
application requirements for energy efficiency.

Ranganathan et al. [76] propose a reconfigurable cache technique to use unnecessary cache
sub-arrays for different processor activities. The motivation is that some workloads do not use
large caches and therefore parts of a cache (unnecessary cache sub-arrays) can be devoted to
other activities such as lookup tables and prefetched data storage.

Some studies such as MorphCache [77] and configurable cache hierarchy [78] attempt to
reconfigure a multi-level cache topology in a multiprocessor system. The motivation is that a
fixed cache topology does not provide an optimal performance for all workload combinations
running on multiple cores. Some other studies such as Amoeba-Cache [79] and configurable line
size [80] vary the cache line size to improve performance and energy efficiency based on the

application requirements.

2.3 Memory
This section provides of an overview of commodity memory systems and discusses previous

processor-in-memory proposals.

2.3.1 Dynamic Random-Access Memory (DRAM)

DRAM devices are generally used as main memory in many different systems from
smartphones to servers. Each bit of data is stored in a memory cell that contains only a capacitor
and a transistor, allowing DRAM devices to have much higher densities than SRAM, which
usually use six transistors per bit. Due to the gradual electrical charge leakage, DRAM cells are
periodically refreshed with a constant time interval (usually 64ms) to guarantee data integrity.

The main memory system is comprised of one or multiple memory channels that work

independently. Each memory channel has one or multiple Dual Inline Memory Modules
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(DIMMs), which are circuit boards that hold a number of DRAM devices. DRAM devices in a
DIMM can be grouped into ranks. All DRAM devices in a given rank work together in lockstep
to provide data; thus all devices in a rank collectively service the same memory request. Each
DRAM device is made up of multiple banks (each composed of arrays of memory cells, a row
buffer, and row and column decoders) that can be accessed independently. DRAM devices allow
concurrent bank operations to improve bandwidth. The most recently accessed row of each bank
is stored in its associated row buffer. Only a subset of a row (called a column) is accessed in each
memory transaction. Address bits determine the appropriate channel and rank in the main
memory, the bank within the rank, and row and column in the bank. Command bits indicate the
operation the device should perform. The Activate command brings an entire row of data from a
particular bank in the DRAM arrays into the bank row buffer and activate (open) the row buffer.
The Read command reads a column of data from the row buffer and places the data in the data
I/0 bus. Likewise, The Write command writes a column of data from the data I/O bus into the
row buffer. The Precharge command restores data from the row buffer into DRAM cells and
deactivates (close) the row buffer. The Refresh command activates and restores (precharges) a

specific row in all banks [81].

2.3.2 Processor-in-Memory (PIM) Systems

Processor-in-memory (PIM) technology merges logic devices and memory cells onto the
same silicon die to process data in memory. This improves performance by exploiting higher
memory bandwidth and increases energy efficiency by exploiting local data processing. The PIM
systems address the “memory wall” problem through faster processor-memory accesses and can
benefit from lower memory access latency and significantly higher memory bandwidth compared
to conventional systems, thereby enabling high-performance data processing. Moreover, in a

conventional system, data is often moved from off-chip memory through on-chip devices (buses,
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levels of cache, and register file) before it is processed. A PIM-based system eliminates much of
this data movement by operating on data within the PIM chip, thereby localizing computations.
This reduces the distance between where data is stored and where it is processed, leading to
substantial energy saving.

Since conventional processors are not particularly designed to take advantage of high-
memory bandwidth, processing units in PIM systems are usually specialized units such as vector
processors or simple reconfigurable units. Also, generally several or many of these processing
units operate in parallel to access memory concurrently (therefore increasing aggregate memory
bandwidth). Integrating processing units with memory components can provide a way for high-
performance and energy-efficient processing of data-intensive applications. This large and
growing class of applications (such as biomedical applications) processes huge amounts of data
and can often be implemented using a data-parallel approach well-suited to PIM systems.

There have been several efforts to unify processor logic and DRAM onto a single chip,
including proposals for architectures, prototypes, and programming models as well as application
case studies [11]-[22]. We briefly provide a summary of PIM architectures. The Computational
RAM architecture [13], [14] unifies memory and logic by connecting SIMD processing elements
to DRAM sense amplifiers through a wide bus. Similarly, the Intelligent RAM architecture [21]
combines a vector processor and DRAM memory on a chip to enable fast data-parallel operations
through wide memory interface [18]. The FlexRAM memory chip [16], which replaces a
conventional memory chip, comprises a processor and a large number of simple compute engines
that are interleaved with DRAM blocks. FlexRAM chip are connected for inter-chip
communication. The processor runs the serial code and controls the execution flow, while simple
compute engines process bulk of data in their local memory blocks [82]. The Smart Memories

architecture [19], [83] is a tiled architecture composed of many processing units, caches, and
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DRAM blocks in a same chip. The processing units, memory units, and interconnection units are
reconfigurable to some degree. Thus, the programmer can program all these units to better
support applications with different data structures and programming models. In Data IntensiVe
Architecture (DIVA) [12], [15], processor-in-memory chips are composed of one or multiple tiles
which each contains a processor and DRAM cells. The processor-in-memory chips are connected
through a separate interconnect for inter-chip data communication. The Active Pages model [20]
integrates many small pages of data and their associated functional units in a single chip. Data
pages and functional units are implemented on DRAM and fine-grained reconfigurable fabric,
respectively. Functional units operate only on data stored in their local data page. Inter-page
communication is performed through the host processor. The recent TCAM [84] and AC-DIMM
[85] proposals enable in-memory associative computing using PCM and STT-MRAM
technologies.

Memory and logic technologies in PIM systems have different characteristics. Logic is
optimized for performance, while memory (DRAM process) is optimized for capacity with fewer
layers of metal to decrease manufacturing cost and improve yield. PIM systems overhaul the
DRAM architecture to efficiently integrate processing units in memory devices, making their
designs and verification challenging and time-consuming. Moreover, PIM systems suffer from
high manufacturing costs and low yield because of integrating two different technologies (e.g.,
having additional metal layers compared to memory devices) [24], [25].

There are some proposals for processing data in the memory controller. These proposals
reduce data movement through the cache hierarchy by adding specialized hardware to the
memory controller. Yoo et al. [86] propose a near-memory processing architecture for a many-
core system composed of 36 processor and memory tiles. To reduce the latency of memory

operations, memory tiles are tightly coupled with special-purpose processors called active
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memory processors (AMPs). This architecture enables offloading data-intensive operations to
AMPs such that AMPs replace memory transactions over the on-chip network and computations
on processor tiles. Some researchers have proposed adding specialized hardware to the memory
controller for data processing. Ahn et al. [87] dedicate hardware to enable parallel execution of a
specific class of atomic operations in the memory controller for data-parallel architectures. Wei et
al. [88] propose augmenting the memory controller with a co-processor for vector, streaming, and
bit manipulation operations. Fang et al. [89] propose an active memory controller (AMC) in
which scalar and stream operations are performed in the memory controller. The goal is to reduce
the latency of operation on data with low temporal locality and minimize memory traffic in a
distributed shared-memory system. The AMC contains a hardware unit to perform pre-defined
scalar and stream operations which are issued by the processor. In general, memory controllers
augmented with processing hardware engines still suffer from high off-chip data energy and
limited applicability due to supporting a limited class of applications.

Recently, there have been proposals to bond DRAM layers with application-specific
accelerators [32] and GPGPU execution units [31]. The Hybrid Memory Cube (HMC) [90] and
3D-stacking memory and processors [91], [92] promise high memory bandwidth and new
opportunities for local data processing. The HMC integrates 4 or 8 3D-stacked memory dies and a
logic die on a package. The logic layer implements a memory controller and has a new interface
to interface to the processor. The HMC packetizes memory accesses and exploits high-speed
serial links. Even if our proposal can be exercised in an HMC-like structure or 3D-stacked
memory by embodying the processing units in the logic layer, we take a different approach by
processing data near conventional and commodity DRAM devices to make impact in the near

future. Our approach is completely achievable using the present-day 3D-stacking technology and
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does not require significant modifications to memory device design or their interface to the

processor, making it compatible with commodity DRAM devices.
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3 Experimental Framework

In this dissertation, we propose techniques to improve energy-efficiency of processor-
accelerator architectures where the accelerators communicate through the cache hierarchy. We
also propose a near-memory processing architecture that uses commodity DRAM devices and
reconfigurable accelerators. To evaluate our proposed architectures, we use a combination of
cycle-accurate simulation and power modeling over different benchmarks. In this chapter, we
present the performance simulation infrastructure and power modeling tools that we have used in
this research. We also describe our methodology to develop workloads for performance

evaluation of our proposed architectures.

3.1 Performance Simulation Infrastructure

We use a simulation-based approach to evaluate performance and energy consumption of the
proposed architectures and compare them with prior work. The studies in this dissertation entail
the design of a simulation framework that integrates an out-of-order processor core, a coarse-
grain reconfigurable accelerator (CGRA), cache hierarchy, and DRAM subsystem. For simulation
and performance evaluation, We use the gem5 simulator [93] which is extensively used for
research on computer architecture in academia and research labs. The gem5 simulator is an event-
driven simulator that models the processor core, cache hierarchy, and external memory. We have
highly extended the gem5 simulator to support multi-port caches, multi-bank caches, non-
temporal load/store memory accesses, and write combining buffers. We also carefully model a
coarse-grain reconfigurable accelerator to account for its data computation and communication
latency to the memory hierarchy. Therefore, our simulator models the functional and timing

execution of the processor core, cache levels, CGRAs, DRAM devices, buses, and the interfaces
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between these structures. For Chapter 5, we extended the memory controller component in gem5
[94] to support a 3D connection between CGRAs and DRAM devices and near-memory data
processing capabilities. We have extended the ISA in gem5 to support accelerator invocation and
control. All the results presented in this dissertation are based on the combined software and

accelerated kernel execution, but do not include initialization and non-memory I/O operations.

3.2 Power Modeling

We use McPAT-based power models [95] to calculate power consumption of the processor
core, on-chip cache hierarchy (using cacti) and other on-chip units such as buses. We have
developed McPAT-based configuration models for a two-way out-of-order embedded processor
similar to ARM Cortex-A9 [96], a four-way out-of-order high-performance processor similar to
Intel Nehalem [97], and their cache hierarchy. We have also developed detailed scripts to
automatically parse gem3 stats files (that include microarchitectural event counters) and generate
MCcPAT activity factor input files. The generated activity factor input files and configuration
models are then utilized by McPAT to output dynamic and leakage power consumption of
different processor units.

We use cacti 6.5 [98] to estimate energy consumption of read/write operations from/to caches
and their leakage energy consumption. When coherence is needed, we use a snooping MOESI
cache coherence model and consider the overhead to maintain coherence. Similarly, we have
developed script for parsing gem5 stats, parsing cacti outputs, and generating cache energy and
power numbers.

We use DRAMPower [99] for evaluating power consumption of DRAM DDR devices and
their I/O interface. We have modified DRAMPower to differentiate between communication

through TSVs and communication through off-chip I/O. We have also integrated DRAMPower
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with gem5. DRAMPower is a high-level power estimator tool that has been developed based on a
Power Calculator technical note by Micron [100]. DRAMPower, similar to McPAT, has an XML
interface to specify configuration model parameters which can be obtained from DRAM
manufacture datasheets. DRAMPower output stats can be interpreted to extract different power
components of a DRAM device. The DRAM background power includes power consumption of
DRAM control logic and refresh operations. The activation power encompasses power
consumption of activating row buffers and precharging bitlines. The read/write power refers to
power consumed on reading/writing data from/to row buffers. Finally, the interface power
represents power consumed to drive/terminate the output I/O bus [100], [101]. We denote I/O
energy as a function of the number of I/O transactions and assume off-chip and TSV I/O consume
20 pJ/b and 4 pl/b, respectively [102]. The common method to generate power estimates using
DRAMPower is to feed DRAMPower with either low-level DRAM access traces (e.g., CAS,
RAS commands with their addresses). DRAM traces could be large for memory intensive
workloads. Therefore, we have modified DRAMPower to be fed with high-level stats (e.g., page
hit rate, and number of activate commands, number of refreshes). This way the gem5 stats can be
automatically fed to DRAMPower. This modification significantly improves speed and simplicity
without sacrificing accuracy. The other method to evaluate DRAM power consumption is to use a
power model developed by Rambus [103]. This power model, which is manufacture-independent,
can be used to project the power consumption of both current and future DDR devices.

To characterize the energy efficiency of different caches in Chapter 0, we adopt the energy-
delay product (EDP) [104] as the evaluation metric. In these metrics, delay is the execution time
of the application, and energy is the consumed energy in the cache hierarchy (including L1 and

L2 caches).
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For evaluating area and power consumption of functional units in CGRAs, we developed
Verilog models of different functional units using Synopsys DesignWare building block IPs [105]
and synthesized the units using the Synopsys design compiler 2013 and TSMC 40nm low-power
standard-cell library. We have developed an in-house power estimator to evaluate power
consumption of CGRAs based on information extracted from synthesis results. The energy
consumption of each kernel mapped to the CGRA functional units is based on the number and

type of computations in the dataflow graph representing the kernel.

3.3 Benchmark Development

We have developed hybrid software/accelerated benchmarks that can be run on a
heterogeneous architecture composed of a processor core and accelerator(s). For this research, we
use the ARMvV7 ISA and extend the ISA to support sending parameters from the processor to the
accelerator and invoking application kernels on the accelerator.

To develop benchmarks, we profile the applications to find the kernels (compute-intensive
and data-intensive operations) of each application. We then analyze each kernel to determine how
much execution time is spent in it and whether or not the kernel can efficiently be mapped to
reconfigurable hardware. We then partition the application into software (run by the processor)
and hardware kernels (run by reconfigurable accelerators). To calculate the execution speed of
kernels running on reconfigurable accelerators, we create dataflow graphs of the kernels in which
nodes and edges of the graph represent operations and data movement, respectively. The chosen
kernels are carefully analyzed and mapped to reconfigurable accelerators. Kernel latencies are
based on the depth and type of computations in the dataflow graph after it is mapped to the
CGRA functional units. The software code is then modified to replace kernel computation with

appropriate instructions to transfer parameters and control between the processor and the
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accelerator. We compile all benchmarks using GCC 4.6.3 with —O3 optimizations targeting the

ARMV7-A architecture with the Thumb instruction set and VFPv3 (floating-point) extensions.
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4 Reconfigurable Cache Architectures for Processor-

Accelerator Systems

High-performance embedded systems often include one or more embedded processors
coupled with more specialized accelerators. These accelerators improve both performance and
energy efficiency because they are specialized for specific (or specific classes of) computations.
Data communication between the accelerator and memory, however, is a potential bottleneck for
both performance and energy-efficiency.

In this chapter, we first study two different processor-accelerator architectures for connecting
a processor with a reconfigurable accelerator that are described in Section 4.1. My later
investigations are based on these architectures. We then compare and evaluate the impact of L1
data cache design on performance and energy consumption of embedded processor-accelerator
systems with shared memory. We study the potential of configurable caches to exploit diversity
in cache requirements across hybrid software/accelerated applications to significantly improve
energy-efficiency while maintaining high performance. Driven by these study insights, we
propose two techniques for improving energy-efficiency of the cache hierarchy in processor-
accelerator systems. The first technique adds configurability to the accelerator-cache interface to
allow the accelerator to either share the processor’s L1 data cache or use its own private L1 cache
(Section 4.4). The second technique modifies the L1 cache structure to provide a configurable

tradeoff between bandwidth (number of ports) and capacity (Section 4.5).

4.1 System Overview and Experimental Methodology
Previous studies have demonstrated that an accelerator performs better with a direct access to

the memory hierarchy than an indirect access through a separate local buffer [5], [63], [106]. In
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Figure 5. Processor-accelerator architectures: (a) Processor and accelerator with a shared
L1 data cache, (b) Processor and accelerator with private L1 data caches.

this research, we thus focus on two variations of processor-accelerator architectures with a
shared-memory organization in which the accelerator has a direct access to the cache hierarchy:
one where the processor and accelerator share an L1 data cache (Figure 5a), and one where each
has its own private L1 data cache (Figure 5b). Both architectures also contain a shared L2 cache.
In this dissertation, we focus on a system with one processor core and one accelerator. However,
our proposal could be extended to multi-core systems. In a multi-core system, processor cores
could either share a single accelerator or each have a dedicated accelerator.

In this system, the accelerator directly issues its own memory requests to the shared memory
hierarchy. Like the processor, it uses virtual addresses. For address translation, the TLB is shared
between the processor and the accelerator [63], [106]. There is also a direct connection between
the accelerator and processor that is used to communicate control information such as application
kernel parameters through a fast, but low-bandwidth connection [63].

This work targets a high-end embedded system, but does not depend on a specific ISA or
processor architecture. We chose to model a dual-issue out-of-order processor (O0oO) similar to
an ARM Cortex-A9 embedded processor with a 9-stage execution pipeline. Table 1 shows the

key architecture parameters of the processor and caches. We assume the system is implemented
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in 32 nm process technology with a supply voltage of 0.9V, and runs at 1GHz. For the
accelerator, we use a CGRA with a heterogeneous grid of 8x8 32-bit functional units (See
Section 2.1.1 for more details). The processor offloads application kernels onto the accelerator to

improve performance and energy efficiency.

Table 1. Key architecture parameters for processor

Fetch/Decode/Dispatch/ L1 Inst. Size 16KB
) ) 2/2/2/3/2
Issue/Retire width L1 Inst. associativity | 4-way
ROB entries 40 L1 access latency 3 cycles
1Q entries 12 L2 cache 512KB 8-way
LSQ entries 22 L2 access latency 12 cycles
Int ALUs 2 Main memory access
100 ns
FP ALUs 1 latency
Physical Registers 65 Cache line size 64B
Branch predictor Tournament 6 with 8 targets per
MSHRs [107] )
BTB entries 512 register [108]

4.2 Benchmarks

To evaluate performance and energy consumption of L1 data caches in processor-accelerator
systems, we use a variety of applications from the Mediabench [109], Mediabench II [110],
Parboil [111], and ERCBench [112]. We choose four multimedia applications (JPGD, MPG2D,
ADPCM, SAD), one cryptographic application (AESE), and one scheduling application (PNS), as
shown in Table 2, that are representative of typical embedded systems applications. In this
chapter, we use these hybrid software/accelerated benchmarks to evaluate configurable cache
architectures for embedded systems with reconfigurable accelerators. Section 3.3 discusses how

we develop hybrid benchmarks.
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Table 2. Benchmarks used in the evaluation of reconfigurable caches

Name |Description #of | % Repla}ced Domain Characteristic
Kernels| Exec. Time
JPGD  |JPEG decoder [110] 3 90.2% Multimedia Compute-intensive
MPG2D MPEG?2 decoder [110] 9 78.7% Multimedia Compute-intensive
ADPCM Adapt1v§ differential pulse-code 1 99.9% Multimedia Compute-intensive
modulation [109]
PNS Petri net simulation [111] 2 95.7% Scheduling Data-intensive
SAD [Slulnll]"f absolute differences 1 94.0% Multimedia Data-intensive
AESE  |128-bit AES encoder [112] 1 99.9% Cryptographic | Compute-intensive

4.3 Motivation for Reconfigurable L.1 Data Caches

The memory access patterns of processors differ from those of accelerators. Processors are
designed for a broad range of applications, whereas accelerators, as specialized compute units, are
designed for highly-parallel compute-intensive applications. These applications usually have
simple control flow, and may represent a portion of a larger application. A circuit implemented in
a reconfigurable accelerator requires few (or no) loop counters and array indices to be computed,
stored, or fetched. Also, unlike processors, intermediate values are located internally to the
computational structures; processors instead require memory load/store operations to access these
values if they exceed the capacity of the register file. The memory behaviors thus differ, placing
different demands on the data cache(s). We therefore revisit L1 data (L1D) cache design
parameters in the context of processor-accelerator architectures. This investigation helps me find
energy-efficient cache designs and guides me towards proposing new designs for L1 data caches
to improve energy efficiency. My goal is to find energy-efficient cache designs with reasonable

performance for such an architecture.
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We explore the cache design space for different compute-intensive applications listed in
Table 2. We examine three different architectures: (1) a processor-accelerator architecture with a
shared 11D cache (Figure 5a), (2) a processor-accelerator architecture with private L1D caches
(Figure 5b), and (3) a processor-only architecture. In all architectures, we explore a variety of
cache design parameters to evaluate their effect on performance and energy consumption. These
parameters include capacity (from 2KB to 64KB), number of read/write ports (from single- to
triple-port), and set-associativity (from 1-way to 4-way). Since streaming applications rarely take
advantage of the L2 cache, we do not vary the processor’s L1 instruction cache and L2 cache;
these structures retain the design parameters given in Table 1.

Table 3a and Table 3b summarize the above design exploration. For each application and
architecture, Table 3a and Table 3b specify the cache design parameters that result in the best
(lowest) EDP while maintaining performance (execution time) within some threshold (2%, 4%)
of the baseline’s performance. For example, the leftmost two result columns in Table 3a list
design parameters that provide the greatest EDP savings with at most a 2% performance penalty.
For comparison, we also list the parameters with the overall lowest EDP when this performance
requirement is removed.

Table 3a shows the results for processor-accelerator architectures with either a private or
shared L1D cache, compared to a baseline processor-accelerator architecture with a shared 32KB,
single-port 4-way set-associative L.1D cache. Table 3b shows results for a similar exploration of a
processor-only system, compared to a baseline processor-only system with a 32KB single-port 4-
way set associative L1D cache. The baseline cache design for both tables is similar to L1D caches
in several high-performance embedded processors such as those in the ARM-A9-based

processors in the Tegra 3 SoC [113] and Freescale’s e6500 processors [114].
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Each table cell contains the cache design parameters that result in the best EDP that meets the
required performance, relative to the baseline. These parameters are listed as a tuple (x:y:z),
where x is the cache capacity, y is the number of read/write ports, and z is the degree of set
associativity. For example, (16:3:2) stands for a 16KB, triple-port, and 2-way set associative data
cache. In the case of shared or processor-only architectures, a single tuple describes the single
L1D cache. For the private cache architecture we list two tuples; the processor’s L1D parameters
followed by the accelerator’s L1D parameters. In each table cell beneath the tuple(s) that describe
the best L1D cache design, we list the percent EDP savings that design provides over the baseline
L1D cache design.

The table demonstrates that different applications demand different cache design parameters,
and that these demands are also affected by whether or not an accelerator is present, and if so,
how it interfaces with the cache hierarchy (i.e., private vs. shared L1D cache). As an example, the
leftmost two result columns in Table 3a list design parameters that provide the greatest EDP
savings with at most a 2% performance penalty. The results given in Table 3a and Table 3b lead
to four key observations about L1D cache designs aimed to minimize EDP:

1. L1D Organization (Shared vs. Private): The energy and performance effects of using
different L1D cache organizations are highly application-dependent. This is demonstrated by
the fact that JPGD achieves its lowest overall EDP and execution time when the L1D cache is
shared, whereas MPG2D and SAD achieve their lowest overall EDP and execution time

when the L1D caches are private.
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2. L1D Size: Hybrid applications (software+accelerated) require a wide range of L1D cache

sizes from 2KB to 16KB to minimize EDP. Some applications (ADPCM and PNS) favor very

Table 3. L1D cache design parameters (size:ports:associativity) with the lowest EDP for

each benchmark/architecture combination, subject to the listed maximum slowdown

relative to the baseline L1D cache (a 32KB, single-port 4-way set associative L1D). In

each table cell, the percentage is the EDP savings of a cache with the listed design

parameters over that of the baseline cache.

(a) Processor-Accelerator Systems
Max 2% Slowdown Max 4% Slowdown No Slowdown Threshold
Benchmark Private Private Private
Shared Shared Shared
(Proc.), (Acc.) (Proc.), (Acc.) (Proc.), (Acc.)
AESE (2:1:1), (8:1:1) | (8:1:1) (2:1:1), (8:1:1) (8:1:1) | (2:1:1), (8:1:1) (8:1:1)
30% 31% 30% 31% 30% 31%
(2:1:1), (2:1:1) | (2:1:1) (2:1:1), (2:1:1) (2:1:1) | (2:1:1), (2:1:1) (2:1:1)
ADPCM
44% 44% 449% 449% 44% 449%
PNS (2:1:1), (2:3:1) | (2:3:1) (2:1:1), (2:3:1) (2:3:1) | (2:1:1),(2:3:1) 2:3:1)
63% 63% 63% 63% 63% 63%
SAD (4:1:1), (16:2:1) | (16:2:1) | (4:1:1), (16:2:1) | (16:2:1) | (4:1:1), (16:2:1) | (16:2:1)
50% 47% 50% 47% 50% 47%
(16:2:2) (16:1:2) | (2:1:1), (4:2:1) (8:2:1)
JPGD - -
27% 30% 18% 30%
(8:1:2), (4:2:1) | (16:1:2) | (8:1:1), (4:2:1) (8:2:1) | (8:1:1), (4:1:1) (8:1:1)
MPG2D
29% 24% 30% 26% 30% 29%
(b) Processor-only Systems
Benchmark Max 2% Slowdown Max 4% Slowdown No Slowdown Threshold
ADPCM 2:1:2) 17% 2:1:2) 17% 2:1:2) 17%
PNS (4:1:1) 26% (4:1:1) 26% (4:1:1) 26%
SAD (8:1:2) 21% (8:1:2) 21% (8:1:1) 32%
JPGD (16:1:2) 28% (8:1:2) 29% 8:1:1) 31%
MPG2D (16:1:2) 24% (8:1:2) 25% (8:1:1) 28%




40

small 2KB L1D caches, while others (SAD and MPGD) favor larger caches. This motivates a
capacity-configurable cache design, where sections of the cache could be disabled to save
energy when the full capacity is unnecessary.

3. L1D SRAM Ports: The energy-efficiency of some hybrid applications such as SAD, PNS,
and JPGD, significantly increases by using multiple-port caches. However, the execution
time of applications such as AESE and ADPCM is independent of port count. Port count
configurability could provide a greater bandwidth by enabling more ports for applications
such as SAD. Port count configurability could save energy by allowing ports to be disabled
when they are not needed for applications such as AESE.

4. L1D Associativity: For most hybrid applications, direct-mapped caches result in a better
EDP. However, a few applications favor 2-way set associative caches. For applications such
as AESE, ADPCM, and PNS, set associative caches barely shorten the execution time, but
significantly increase energy. The performance provided by 4-way set associative caches for
applications such as MPG2D, JPGD, and SAD does not compensate for the increased energy

consumption of the data cache, thereby degrading energy efficiency.

Based on observation 1, neither a shared nor a private L1D organization achieves the best
energy efficiency across all applications. In Section 4.4, we therefore propose a simple
architectural technique that provides a configurable LID cache organization, where the
accelerator can use a private L1D or one shared with the processor, based on the best choice for
the executing application.

Based on the observations 2-4, no single combination of L1D design parameters provides the
most energy-efficient L1D cache for all applications. The size, associativity, or number of ports
of an L1D cache could be tuned based on the executing application to improve the system’s

energy efficiency. Prior studies have proposed adding reconfigurability to caches [76] to tune the
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number of cache sets (such as selective-sets [73]), number of cache ways (such as selective-ways
[70] and way-concatenation [71]), or both (such as hybrid selective-sets-and-ways [75]) to exploit
cache requirement variability across applications to reduce cache energy dissipation with minimal
impact on performance. However, no prior study has proposed a method to vary the number of
cache ports. In this research, we propose a design technique that we call configurable-port to tune
the number of cache ports across applications by trading cache capacity for port count. Section

4.5 describes the proposed technique in detail.

4.4 Configurable L1D Organization

We propose an L1D cache organization that can be configured to act as either a single shared
L1D cache or two private L1D caches, allowing two different L1D cache topologies to exist in
the same architecture. This low-overhead organization provides the opportunity to reconfigure the

interface between the accelerator and the L.1D caches based on the executing application.

Main Memory

v 1

Shared L2 Cache

| I DU . M

L1 Inst.
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Reconfigurable
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Figure 6. High-level structure of the proposed reconfigurable L.1D cache organization.
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My proposed L1D cache with configurable sharing is shown in Figure 6. The processor is
always connected to its own L1D cache. The accelerator, however, can be connected either to the
same L1D cache as the processor (one shared L1D cache), or to its own L1D cache (private L1D
caches). In either cache organization (shared L1D or private L1D), the processor’s memory
requests are fulfilled by processor’s data cache, but accelerator requests are directed either to the
processor’s L1D cache or the accelerator’s L1D cache, depending on how the cache organization
is currently configured. The configuration data sets memory bits that control the added routing
logic labeled select and assign in Figure 6.

The cache organization exploits diversity in cache organization demands across applications;
it can be reconfigured to provide applications with the organization that results in the best energy-
efficiency (or performance, or whichever metric is desired). The reconfiguration can be
performed prior to an application’s execution or upon a context switch, based on profiling
information for the application.

This configurable cache organization is also applicable to multi-core systems where each core
has its own dedicated accelerator. In these systems, each processor-accelerator pair has a
configurable L1D cache organization that is private with respect to the other processor-
accelerator pairs. In this case, the cache organization of each processor-accelerator pair can be
configured separately based on the application running on that pair. Note that in this design, we
do not merge the two private caches to form a single, larger shared cache; rather, we disable the

accelerator’s private L1D cache when it is not in use.

4.4.1 Overhead

As shown in Figure 6, the added select and assign logic is very simple, and could be
implemented using routing logic. The added logic needs to route data and address bits and some

control bits using only one extra level of multiplexers. Therefore, this additional logic required to
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support reconfigurability adds little area overhead to the L1D cache level design. The added delay
is minor as well; the configuration bits are loaded prior to application execution and are retained
until the application completes or a context switch. The path between the accelerator and its
corresponding L1D is thus statically configured and not the result of a dynamic computation,
limiting the latency and power impact. Therefore, we assume that the resulting structure can run
at the speed of a conventional cache, yet provide the ability to selectively choose the desired
organization when appropriate. In the case where the added logic increases the accelerator-cache
access latency, the accelerator-cache communication could be increased by one cycle compared
to the processor-cache communication to accommodate the extra logic delay. Note that extra
logic in the accelerator-cache communication path does not affect the processor’s access latency
since the processor is directly connected to its dedicated cache.

When the cache organization is reconfigured from shared L1D to private L1D, the private
L1D cache incurs the overhead of cold misses, which are included in the evaluation. When the
cache organization is reconfigured from private L1D to shared L1D, the accelerator’s L1D could
be either power-gated or kept in retention mode to save energy [115]. In the former case where
the L1D is power-gated, all dirty lines should be written back to L2 cache before the L1D is
turned off. This may impose considerable performance and energy overheads if switching
between shared and private L1D happens frequently. If switching occurs only on a context
switch, then flushing dirty lines can be overlapped by context switch time, minimizing the
performance overhead.

In the latter case where the L1D goes to retention mode, the L1D keeps its state, but only
serves coherency requests from the L2 cache. In this case, the L2 cache behaves as if the L1D
cache is active, initiating L1D coherence transactions when needed. However, the accelerator’s

memory requests are not issued to this L1D. The L1D cache in the retention mode consumes less
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Figure 7. Performance and energy consumption of a shared L1D organization with
(16:2:2) design parameters over a private L1D organization with (8:1:2), (8:2:1) design
parameters.

energy in the active mode, even though energy consumption is not trivial. Since configuration bits
are only loaded prior to application execution and cache organization reconfiguration occurs at
the granularity of an individual process (i.e. on a context switch time), in the evaluation we

assume the accelerator’s L1D is power-gated and dirty lines are flushed prior to application

execution.

4.4.2 Results

Our L1D cache design exploration in Section 4.3 indicates that when the L1D cache is
shared, an L1D cache with (16:2:2) design parameters provides reasonable performance and
energy efficiency across all tested applications. Also, when L1D caches are private, a processor’s
L1D cache with (8:1:2) design parameters and an accelerator’s L1D cache with (8:2:1) design
parameters provide reasonable performance while improving energy efficiency across all hybrid
applications we tested. Therefore, if one has to choose non-configurable L1D caches, these cache
design parameters could be the chosen parameters for shared and private cache organizations

based on the applications we tested.
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Figure 7 compares the execution time, energy, EDP, and ED’P of a shared organization with
(16:2:2) L1D cache design parameters over those of a private organization with (8:1:2), (8:2:1)
design parameters. Note that the total L1D size in both organizations is the same. Figure 7
illustrates that the shared L1D organization with (16:2:2) design parameters has better or equal
execution time for all benchmarks, while the private L1D organization with (8:1:2), (8:2:1)
design parameters has better energy consumption for all benchmarks. With these cache design
parameters, one would choose the private L1D organization when saving energy is critical (such
as when the battery of the embedded device is low), while the shared L1D organization would be
preferable when execution time and quality of service is more important (such as when the device
is plugged in power source). In terms of EDP and ED’P, some benchmarks have better energy
efficiency on a shared L1D and some on a private L1D. For example, the shared L1D improves
EDP of JPGD and SAD over the private L1D by 36% and 5%, respectively, while the private
L1D improves EDP of PNS and MPGD over the shared L1D by 24% and 13%, respectively.

When configurable caches are used, one could choose from a wide range of possible cache
configurations with different execution time and energy. We explore all potential combinations of
cache design parameters and organization for all the benchmarks studied here. Note that best
configuration is not determined and employed during runtime, but it is chosen based on
application characteristics at compile time. Figure 8 shows the L1D cache configurations that
result in the lowest energy, EDP, and ED’P and compares their results with a shared L1D cache
with (16:2:2) design parameters. Results show that the preferred L1D cache configuration and
organization is highly dependent on the executing application and chosen optimization metric. A
single cache configuration and organization provides the lowest energy, EDP, and ED’P for AES
and ADPCM, while other benchmarks require a different cache configuration to achieve their

lowest energy, EDP, and ED?P. In general, SAD, JPGD, and MPG2D benefit from larger caches
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with more ports, while AESE, ADPCM, and PNS benefit from smaller single-port caches to
achieve higher energy efficiency. In addition, Figure 8 indicates that AESE, ADPCM, and JPGD
favor the shared cache organization, while SAD and MPG2D favor the private cache
organization. All benchmarks see some reduction in energy, EDP, and ED’P with this new
configurable L1D organization, however the reduction is highly application dependent. The
results show that the configurable L1D organization along with configurable caches can reduce
energy, EDP, and ED’P by up to 41%, 39%, and 44%, respectively (69%, 64%, and 78%
improvement), over a fixed L1D organization.

Overall, each combination of cache design parameters, organization, and application is placed
in a different spot in the design space of energy and delay for processor-accelerator systems. Our
configurable L1D organization provides the opportunity to choose the cache organization that

best targets the desired optimization metric for the running application.
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4.5 Configurable Ports

In Section 4.3, we demonstrated that multi-port caches improve execution time and even
energy efficiency for some hybrid applications. However, multi-port caches barely improve the
execution time of other hybrid applications, degrading their energy efficiency due to the higher
energy dissipation of multi-port caches. To achieve better energy efficiency across a wide range
of hybrid applications, we propose a technique that we call configurable-port. This technique
enables the designer to increase the number of cache ports at the cost of smaller cache capacity
when executing applications that require higher bandwidth. The configurable-port technique
creates the illusion of multi-port caches using a set of simple single-port cache arrays. For
applications that do not benefit from the additional port(s), the configurable-port technique
enables the designer to reconfigure the cache as a conventional single-port cache to reduce energy
dissipation. This single-port cache can be maintained as the same capacity as the multi-port
configuration, or it can use the full capacity provided by the single-port cache arrays. Note that
the configurable-port technique is orthogonal to the proposed configurable L1D organization. The
two techniques can be used separately or together.

We exploit the idea of cache replication (discussed in Section 2.2) to implement the
configurable-port technique. Starting from a single-port configuration, p identical cache arrays
are first configured to the appropriate size and associativity, where p is the number of ports and
cache having at least p arrays. For example, to make a dual-port 8KB cache, two cache arrays of
8KB each are required. Previous work on reconfigurable caches [75] discusses how to
reconfigure cache arrays to the appropriate size and associativity. Each port is then connected to
one of the cache arrays by configuring the relevant steering logic, as shown in Figure 9. Data is
replicated across the cache arrays as many times as the number of ports. Hence, a read request is

sent to a single cache array, but write requests are broadcast to all arrays for coherency.
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Port 1 Port 2
Array O Array 3

Port 0 Port 3

Figure 9. High-level structure of a configurable-port cache that can be configured as a
single-, dual-, triple-, or quad-port cache. The added logics are indicated by shaded blocks.

Consequently, the configurable-port technique increases the number of cache ports (bandwidth)
by reducing the cache capacity.

Figure 9 depicts the high-level structure of a configurable-port cache that can be configured
as a single-, dual-, triple-, or quad-port cache. In this figure, write requests can only be issued by
Port 0. The added steering logic required to support configurability are indicated by the shaded
blocks. The steering logic (shown as transmission gates) are controlled by a simple function of
address bits, configuration bits, and read/write bits. Setting the configuration bits therefore

reconfigures the cache ports.

4.5.1 Overhead

To implement the proposed configurable-port technique, we can reuse the datapath logic in a
multi-banked cache design to route data from/to one of arrays. Minor modifications to the control
logic are also needed to generate control signals for the steering logic. Therefore, the
implementation overhead to the L1D cache design is small. We also assume that the added logic

also does not increase the critical path delay because the control signals for a configuration are set
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Table 4. Energy consumption of different types of dual-port caches implemented in 32

nm technology.

Read access | Write access | Leakage power
Size Cache type
energy (pJ) | energy (pJ) (mW)
True 19.5 29.8 0.5256
Configurable 13.9 43.9 0.4932
8KB
Line-interleave 15.6 19.6 0.5301
Word-interleave 15.8 19.7 0.5350
True 22.7 314 0.6115
Configurable 16.5 46.3 0.6746
16KB
Line-interleave 17.0 25.1 0.6415
Word-interleave 17.2 253 0.6450

before an application starts and do not change during application execution. In these results, we
thus assume that a configurable-port cache has the same latency as the baseline cache.

Similar to the technique of configurable L1D organization, configurable-port cache designs
enable the designer to configure the L1D when an application begins, at a context switch, and
when an application completes. Any unused cache arrays can be power-gated to save energy
using the existing mechanism typically available for SRAM [115]. Thus, dirty lines of power-
gated cache arrays should be written back to the L2. In addition, all blocks (clean or dirty) in
cache arrays in which their set-mappings change after enabling the cache arrays should be flushed
[75]. To reduce the overhead of writing back dirty blocks, we only configure the cache when an
application begins.

Multi-port caches created by the configurable-port technique have lower performance

compared to true multi-port caches. To maintain coherence, configurable-port caches allow only a
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single write at any given cycle, sending the write request to all cache arrays simultaneously. This
degrades the performance of applications with high store-to-load ratio.

As shown in Table 4, energy dissipation of a configurable-port cache with two ports is
different from that of a true dual-port cache. Since writes should be broadcast to multiple cache
arrays, writes to configurable dual-port caches consume more energy than writes to true dual-port
caches with the same size. However, reads to configurable dual-port caches consume less energy
compared to corresponding true dual-port caches because of using simple single-port SRAM
arrays rather than dual-port SRAM arrays. Thus, configurable-port caches reduce read energy
(and potentially leakage), but increase write energy (included in our results). Multi-banked caches
require crossbars to route requests and responses between the processor/accelerator and cache
banks. In configurable-port caches, read requests can be sent to any cache arrays, obviating the
need for crossbars. As a result, as shown in Table 4, reads to configurable dual-port caches

consume slightly less energy than reads to dual-banked caches.

4.5.2 Results

In this section, we study the effect of high-bandwidth data caches and show that architectural
techniques such as configurable-port improve the energy efficiency of judiciously-sized multi-
port caches in accelerated systems with minimal impact on performance. We focus on
performance and energy consumptions in our analysis since these are more of a concern than area
in future embedded systems.

Execution setup. Based on the results in Section 4.3, we classify these benchmarks as either
cache-insensitive or cache-sensitive. Cache-insensitive benchmarks, such as AESE and ADPCM,
show little to no performance variation for the different cache parameters (port count,
associativity, and size). AESE and ADPCM have few memory accesses per time unit and their

rate of communication over computation is low. In fact, a small 4KB single-port L1D degrades
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the performance of AESE and ADPCM by only 2% over a 64KB triple-port L1D, while it has
clear energy advantages. In addition, AESE and ADPCM performance is approximately the same
for both private and shared L1D topologies. Conversely, the performance of cache-sensitive
benchmarks such as SAD and PNS is significantly affected by cache parameters. Therefore, we
investigate the impact of the proposed configurable-port technique on execution time and energy
dissipation of cache-sensitive benchmarks and compare it with true multi-port caches, line-
interleave multi-bank caches, and word-interleave multi-bank caches.

To have a fair comparison, we use a 16KB two-way set associative cache in a shared L1D
organization for all benchmarks, which provides reasonable performance/energy for all cache-
sensitive benchmarks. The results are easily applicable, however, to other cache sizes and private
L1D organization. In this evaluation, we assume the word size is four bytes for word-interleave
banking.

Comparison of multi-port cache techniques. Figure 10 compares different types of multi-
port caches (true multi-port, configurable-port, line-interleave multi-bank, and word-interleave
multibank caches) in terms of execution time, energy dissipation, ,EDP, and ED’P. In general,
this figure shows that for the cache-sensitive benchmarks, multi-bank and configurable multi-port
caches improve execution time with a small increase in energy over single-port caches, but true
multi-porting incurs high energy consumption.

Compared to a true dual-port L1D, a dual-bank L1D results in a slightly longer execution
time, but improves EDP (the exception is the dual-bank line-interleave L1D for PNS). For PNS
and SAD, which have low store-to-load ratio, execution time of a configurable multi-port L1D is
comparable to that of a true multi-port L1D, and better than that of a multi-bank L1D. For these
benchmarks, configurable multi-porting improves EDP and ED°P considerably over true multi-

porting. Furthermore, PNS and SAD have better execution time, EDP, and ED’P when the
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configurable-port L1D is configured with three instead of two ports. For JPGD and MPG2D,
which have fair amount of stores, configurable multi-porting degrades execution time and EDP
compared to true multi-porting. In general, configurable multi-porting and multi-banking achieve
better EDP. A dual-bank L1D provides the most energy-efficient cache design for PNS, JPGD,
and MPG2D, while configurable triple-port L1D provides the most energy-efficient cache design
for SAD. For example, Figure 10 shows that a word-interleave dual-bank L1D reduces execution
time and EDP of PNS by 20% and 23%, respectively, over a single-port cache. A line-interleave
dual-bank L1D reduces execution time and EDP of JPGD by 9% and 8%, respectively, over a
single-port cache. For SAD, configurable triple-port L1D reduces execution time and EDP by

28% and 25% over a single-port cache (improvement by 38% and 33%).
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Compared to an energy-hungry true triple-port L1D, a dual-bank L.1D and a configurable
dual-port L1D have longer execution time, but much better area cost and energy efficiency.
Although a quad-bank LID slightly improves performance over a dual-bank LI1D, it is
extensively energy inefficient due to extreme banking. On the other hand, while configurable
triple-port improves EDP over configurable dual-port for PNS and SAD, it degrades EDP of
JPGD and MPGD. The reason is that the extra port increases cache energy dissipation while it
barely improves execution time of JPGD and MPGD, leading to higher EDP. Configurable-port
can take advantage of variability of required cache ports across applications to resemble single-,
dual-, or even triple-caches. True multi-port and multi-bank caches, on the other hand, have fixed
structure and cannot be configured according to target applications.

Figure 10 also indicates that a word-interleave L1D performs equal or better than a line-
interleave L1D for our cache-sensitive benchmarks. Note that even though word-interleave
caches have marginally higher access energy and leakage power due to multi-port tags, their
energy consumption is comparable with line-interleave caches because of the slight decrease in
execution time.

Multi-port caches improve performance, but consume more energy. Multi-bank caches
slightly degrade performance, but they have lower energy dissipation. Overall, we show that
although high-bandwidth data caches consume higher energy compared to single-port caches,
they can generally improve energy efficiency of some accelerated applications by reducing
execution time and lowering leakage energy. For these applications, configurable-port caches can
trade cache capacity for higher bandwidth. For other applications that do not benefit from higher
bandwidth, the configurable-port caches can be configured as single-port caches to maintain

lower access energy.
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Effect of cache size on configurable-port. Figure 11 shows the performance of configurable
dual-port caches with different sizes. Figure 11 confirms that, as expected, the miss rate and
execution time decrease by increasing cache size. It also indicates that most benchmarks suffer
from a high L1D miss rate. This is due to streaming nature of the benchmarks. This directs that an
L1D prefetcher could improve performance (and potentially energy efficiency by lowering
leakage energy). Figure 11d suggests that although EDP improves initially by increasing cache
size, it degrades with further size increases. Thus, for each application, there is a specific break-
even point for EDP when the energy cost of larger caches exceeds the energy benefit of shorter
execution time. As shown in Figure 11d, For SAD and JPGD, a 16KB configurable dual-port
L1D cache provides the most energy-efficient cache hierarchy. On the other hand, 2KB and 4KB
configurable dual-port L1D caches deliver the lowest EDP for PNS and MPG2D, respectively.
The best solution, therefore, is likely to be a 16KB configurable dual-port L1D (made of two
single-port arrays of 16KB each) where some of the capacity can be disabled when not needed to
reduce energy.

Overall, we show that although high-bandwidth data caches consume higher energy
compared to single-port caches, they can generally improve energy efficiency of some
accelerated applications by reducing execution time and lowering leakage energy. For these
applications, configurable-port caches can trade cache capacity for higher bandwidth. For other
applications that do not benefit from higher bandwidth, the configurable-port caches can be

configured as single-port caches to maintain lower access energy.
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relative to a 2KB cache (Lower is better).

4.6 Summary

Accelerated embedded systems are designed to run a specific class of well-defined

applications. We study a wide range of cache designs in these systems and find that configurable

cache architectures can significantly improve energy-efficiency by varying cache requirements

across applications. Therefore, we propose a configurable cache organization that allows shared

and private L1 data caches to exist in the same architecture (Configurable L1D organization).

Furthermore, we propose a novel cache design that provides a configurable tradeoff between

cache capacity and cache bandwidth (Configurable-port L1D). Our simulation results show that
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the Configurable L1D organization and Configurable-port L1D improve cache hierarchy energy-
efficiency by up to 64% and 33%, respectively, over that of non-configurable caches. Our
proposed approaches can be applied to multi-core systems where each core has a dedicated

accelerator as well as systems where multiple cores share an accelerator.
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S NDA: Near-DRAM Acceleration Architecture
Leveraging Commodity DRAM Devices and
Standard Memory Modules

Energy consumed for transferring data across the processor memory hierarchy constitutes a
large fraction of total system energy consumption, and this fraction has steadily increased with
technology scaling. In this chapter, we propose a near-DRAM acceleration (NDA) architecture,
which process data using accelerators 3D-stacked on DRAM devices comprising off-chip main
memory modules. The proposed NDA architecture aims at improving energy efficiency by
exploiting local (near-memory) data processing. NDA transfers most data through high-
bandwidth and low-energy 3D interconnects between accelerators and DRAM devices instead of
low-bandwidth and high-energy off-chip interconnects between a processor and DRAM devices,
substantially reducing energy consumption and improving performance. Unlike previous near-
memory processing architectures, NDA is built upon commodity 2D DRAM devices. Apart from
inserting through-silicon vias (TSVs) to 3D-interconnect DRAM devices and accelerators, NDA
requires minimal changes to the commodity DRAM device and standard memory module

architectures. This allows NDA to be more easily adopted in both existing and emerging systems.

5.1 Background

In this section, we provide an overview of the DRAM architecture and a description of a type

of accelerator that was chosen for use in the tested NDA architecture.

5.1.1 DRAM Architecture

To better understand microarchitectures that enable low-cost, high-bandwidth connections

between the accelerator logic and DRAM die, we first study the internal architecture of DRAM
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and I/O circuitry. Figure 12(center) shows a DDR3 DRAM device architecture with an X8
interface (8-bit data I/O per DRAM device) [102], [103], [116]. This device consists of eight
banks, each of which has two sub-banks located above and below the middle control logic. Each
bank operates independently of other banks, but shares some resources such as DLLs and 1/Os

with other banks.
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of a DRAM bank and a mat (left), and DRAM I/O datapath (right).
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Each sub-bank is an array of memory cells that is divided into multiple mats. A mat typically
is a sub-array of 512x512 DRAM cells which has its own local row decoder, local wordlines,
local datalines, bitlines, and bitline sense amplifiers. Each sub-bank includes a dedicated global
row decoder and column decoder as illustrated in Figure 12(left). The global row decoder
decodes the address and drives a particular global wordline. The local row decoders then use
global wordlines to drive local wordlines. The bitline sense amplifiers latch data in each mat.
Next, the global column decoder asserts the column select lines which drive data from the bitline
sense amplifiers onto the global datalines through local datalines. The global datalines also have
sense amplifiers to decrease data transfer latency.

The eight banks are divided into two groups of four left banks and four right banks. In %8
DRAM devices, each bank group shares a 64-bit inter-bank global I/O (GIO) lines (also known as
inter-bank datalines). The GIO lines in an X8 device are comprised of upper and lower 32-bit GIO
lines. In x16 DRAM devices, each bank group shares a 128-bit GIO lines. The GIO lines connect
global datalines of each bank to data I/O logic pins shared by all banks. For each read operation,
multiplexers depicted in Figure 12(right) select 64-bit data from the left or right 64-bit GIO lines;
this data is then serialized before being sent through the 8-bit data I/O pins. Since the I/O data
rate of DDR3 devices is 8 times the DRAM core clock frequency, the number of GIO lines is 8x

the number of data I/O pins (i.e., a prefetch size of 8xn, where 7 is the device I/O width).

5.1.2 Accelerator Architecture

Various accelerator architectures such as SIMT or SIMD processors would be compatible
with this work. While each accelerator architecture provides a unique trade-off between
performance/energy-efficiency improvement and programmability, we will separate such an
impact by also evaluating a computing system integrating the same accelerator architecture in a

processor itself. This allows us to evaluate the net benefit of processing data near the DRAM
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regardless of a particular choice of accelerator architecture. In our experimentation, we assume
that accelerators are a type of data-flow architecture—coarse-grain reconfigurable accelerators
(CGRAs). CGRAs have been shown to provide significant performance and energy efficiency

benefits [35]. See Section 2.1.1.

5.2 NDA Hardware Architecture

The NDA architecture is not dependent on a specific type of accelerator logic; the
accelerators could be CGRAs as discussed in this dissertation, or could be SIMD/GPU/FPGA
engines or even low-power cores. This dissertation focuses on CGRAs for near-memory
processing due to their improved performance and energy consumption versus SIMD and GPU
engines for most parallel workloads [35]. Low energy is important since near-memory
architectures have more stringent power/thermal constraints.

In order to facilitate energy-efficient near-memory processing, NDA stacks a CGRA on top
of each DRAM device. The CGRA is connected to the internal DRAM I/O lines using TSVs. A
conceptual view of the NDA architecture is illustrated in Figure 13. Each CGRA is connected
only to its associated DRAM device and operates on data stored in that device independently of
(and in parallel with) the CGRAs on the other DRAM devices on the DIMM(s).

NDA is architected such that it does not require changes to the processor or DIMM interface,
and only minimal changes to the underlying DRAM design. Thus, NDA can be used with existing
systems to accelerate NDA-enhanced applications. Furthermore, this architecture allows existing
un-accelerated applications to run on NDA-equipped platforms without incurring any
performance penalty.

Conventional processors can offload kernels to CGRAs. The processor communicates with

the CGRA through a memory-mapped I/O interface that operates similarly to mode registers in
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Figure 13. NDA organization.

conventional DRAM systems, and that does not require changes to the processor-DIMM
interface. The processor sends kernel configuration parameters and address generation parameters
for the data to be processed before triggering kernel execution using this interface. The processor
periodically polls a memory-mapped status register to check for kernel completion.

The NDA architecture transfers data through high-bandwidth and low-energy 3D
interconnects between DRAM devices and their corresponding CGRAs without the processor’s
intervention and processes the data using the CGRAs. This minimizes data transfers through low-
bandwidth and high-energy off-chip interconnects between the processor and DRAM devices. To
maximize acceleration, the kernel data processed by CGRAs must be distributed evenly across

DRAM devices to balance the computations across CGRAs.

5.2.1 Connection between Accelerator and DRAM

We propose three microarchitectures to connect a CGRA and a DRAM device using TSVs. In
all the approaches, we assume the TSV I/O energy for transferring data and control data is 4 pJ/b

which is 80% lower than the off-chip I/O energy of a DDR3 interface (Table 5). Furthermore, in
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all the microarchitectures, the CGRA-side memory controller (MC) manages data transfers
between the CGRA and DRAM dies (Section 5.2.2).

Microarchitecture 1 (Connecting TSVs to existing GIO lines — NDA-1): A CGRA simply
reads or writes data through the TSVs connected to the existing DRAM GIO lines without
changing the underlying architecture of the DRAM device. TSVs are connected to the GIO lines
between GIO multiplexers and data serializer/deserializer (Figure 14). DRAM devices with X8
and x16 interfaces use 64 and 128 TSVs to transfer data between a DRAM device and its CGRA,
respectively. Therefore, x8 and x16 DDR3 DRAM devices transfer 8 and 16 bytes of data
between a DRAM device and CGRA in each memory transaction. This microarchitecture is
similar to one developed for stacking a wide-I/O DRAM device atop a processor die [117]. As
depicted in Figure 14, the same steering logic that directs data to/from the left or right set of
banks also directs data through the TSVs to the CGRA. Hence, this microarchitecture has no area
overhead apart from inserted TSVs. Table 6 presents detailed information of area, energy, and
timing specifications of this microarchitecture. A CGRA transferring data through 3D

interconnects is provided the same peak bandwidth per device as a processor transferring data
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through the off-chip interconnects because both the processor and the CGRA use the same
mechanism to transfer data. However, the former consumes 51% lower energy per 8-byte
read/write data transfer than the latter (Table 6). There are two main reasons for lower data
transfer energy on the CGRA-DRAM connection over that on the processor-DRAM off-chip
connections. The first reason is that data transferred to CGRAs does not move through the
serializer/deserializer of commodity DRAM (circuit shown in Figure 12(right)). The second
reason is that TSVs are 80% more energy-efficient than off-chip interconnect.

Microarchitecture 2 (Connecting TSVs to doubled GIO lines — NDA-2): Similar to
Microarchitectures 1, we connect TSVs to GIO lines except that the number of GIO lines is
doubled. By doubling the number of GIO lines and accordingly the number of TSVs, we double
the CGRA-DRAM bandwidth as shown in Figure 15. This change requires doubling the number
of global datalines, global dataline sense amplifiers, and local datalines, but halves the number of
column select lines in each bank. The number of bitline sense amplifiers is not affected. Our
SPICE simulation shows that this microarchitecture slightly increases the bank area and the GIO
lines area compared to Microarchitecture 1. However, DRAM timing parameters can remain
unchanged by adjusting the repeater interval of GIO lines, as elaborated in [102]. Table 6 presents

detailed information of area, energy, and timing specifications of this microarchitecture. Note that
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Figure 16. Accelerator-DRAM connection by connecting TSVs to global datalines of
banks.

the read/write energy efficiency of this microarchitecture is better than that of Microarchitecture 1
since the overhead of sending address/command is amortized over a larger number of bits per
data transfer transaction. To transfer data from/to a DRAM device, the CGRA uses all GIO lines
while the processor uses only a half of GIO lines to reduce energy consumption of the long GIO
lines. This can be supported by controlling data multiplexing at the boundary of global datalines
and GIO lines using “Global Dataline Multiplexers” as shown in Figure 15.

Microarchitecture 3 (Connecting TSVs to banks’ global datalines — NDA-3): In both
Microarchitectures 1 and 2, the TSV connection is shared by all the banks in a DRAM device.
However, each bank can be independently controlled. A 3D-stacked CGRA can exploit this to
separately transfer data/address/command from/to each DRAM bank. In Microarchitecture 3, we
instead provide each bank with a separate TSV connection to the CGRA. Thus, the CGRA can
access data from each independently-addressed bank. This provides the opportunity to exploit the
benefit of bank-level parallelism by accessing data from multiple banks concurrently, eliminating
the limitation of sharing a TSV connection among all banks in a DRAM device. In this
microarchitecture, we connect TSVs to global datalines of each bank, forming eight

independently accessed TSV connections (Figure 16). This microarchitecture increases the
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CGRA-DRAM bandwidth substantially with only small overhead associated with TSVs. Table 6
presents the area overhead of this microarchitecture. The CGRA access latency and energy
decrease as well due to directly accessing data from bank’s global datalines and bypassing GIO
lines. The CGRA-side MC directs DRAM requests and responses between the CGRA and its
corresponding bank.

TSV overhead: Current 3D interconnect technology allows a TSV pitch size of 40-50um for
3D DRAM stacking [117], [118], which provide enough room for PHY, test, and ESD protection
[28]. To reduce TSV area overhead, finer grain TSVs with a pitch size of Sum can be used for
signals [29] with redundant TSVs to increase the yield [119]. For data connections between a
CGRA and a DRAM device, the overheads of address, command, power, and ground [117]
should also be accounted for. We use fine-grain TSVs with a pitch size of Sum and 100%
redundancy for signals and coarse-grain TSVs with a pitch size of 45um for power/ground. For
instance, for a 128-bit data connection we use 256 TSVs for data, 64 TSVs for address and
command, and 116 TSVs for power/ground. This incurs an area overhead of only ~0.243 mm’.
Since the typical area of DDR3 and DDR4 devices ranges from 30 mm?® to 100 mm? [120]-[122],
the area overhead of TSVs is negligible.

In Microarchitecture 3, there are eight 64-bit connections between a CGRA and a DRAM
device. We conservatively bundle those eight connections into four 128-bit connection groups to
share power/ground TSVs between data signals in a given connection group. In the worst-case
scenario, TSVs in a given connection group can be arranged in a square of 495um x 495um. Note
that arranging TSVs in rectangle results in a smaller area overhead. As shown in Table 5, we use
an 8Gb DRAM chip with a 8mm x 10mm die area. Therefore, the TSV area overhead of
Microarchitecture 3 would be (0.495x0.495x4)/(8%x10) = 1.2%. This TSV area overhead does not

include any added space area in the DRAM layout which is imposed by placing TSV connection
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groups. In the worst-case scenario where the added space cannot be filled up with any other logic,
the four TSV connection groups in Microarchitecture 3 increase DRAM die area by 26.9% to
8.49mmx11.96mm.

Summary: Table 6 lists the peak bandwidth of a DDR3-1600 device using off-chip I/O pads
vs. using TSVs. The off-chip I/O bandwidth depends on the I/O clock frequency and I/O bit-
width (with two transfers per I/O clock). The TSV bandwidth depends on the core clock
frequency, the microarchitecture used to connect a CGRA with its DRAM device, and the number
of TSVs. In Microarchitecture 1, a TSV-based connection provides the same peak bandwidth per
DRAM device as the off-chip I/O bus connection. In Microarchitecture 2, the increase in the
number of GIO lines doubles the TSV peak bandwidth, while off-chip I/O bandwidth remains
unchanged. Microarchitecture 3 provides eight times the peak bandwidth of Microarchitecture 1
by accessing banks independently. Note that the processor and CGRA cannot access DRAM cells

concurrently in any microarchitecture (Section 5.2.2).
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Table 5. Area, timing, and energy parameters of an 8Gb DDR3-1600 x8 DRAM device. x8 = off-chip data I/O bit-width is 8.

Row Peak Core Number Access RD/WR energy Off-chip I/O
Device I/O Freq. Area

buffer size [bandwidth | Freq. of banks latency (¢/CL) | without I/0 energy
DDR3-1600 x8 | IKB 12.8 Gbps |200 MHz |800 MHz |8 80 mm* | 13.75 ns 13 pJ/b [123] 20 pJ/b [102], [124]

Table 6. Summary of bandwidth, area, timing, and energy of different microarchitectures to connect Accelerators and DRAM

devices. Numbers are relative to DDR3-1600 x8 parameters given in Table 5. S/A = Sense Amplifiers. Some data in this table has

been obtained by Prof. Ahn at Seoul National University.

Peak bandwidth (Gb CPU RD
. Off-chip | Number cak bandwi (Gbps) Accelerator| CPU | Accelerator
Connection between data I/O | of data Area change| timin timing | RD ener energy
Accelerator and DRAM . Through I/O | Through & g g . gy (without
bit-width | TSVs pins TSV pins change | change | (without I/O) 1/0)
Microarchitecture 1 8 64 12.8 12.8 0.2% (TSV) - - -51% (-7%) -
(Connecting TSVs to 4.3% (S/A,
existing GIO lines) 16 128 25.6 25.6 pins, TSV) - - -64% (-39%) |-12% (-31%)
3.3% (S/A,
Microarchitecture 2 8 128 12.8 25.6 HWMQ - - -64% (-39%) |~0%(+0.3%)
(Connecting TSVs to
doubled GIO lines) 16 256 25.6 51.2 q..oﬁe (S/A, - - -70% (-53%) |-12% (-30%)
pins, TSV)
Microarchitecture 3 8 512 12.8 102.4 1.2% (TSV) - -59% (-28%) |~0%(+0.1%)
(Connecting TSVs to global Decrease
6.4% (S/A, | «cLb
datalines) 16 1024 25.6 2048 | TSY) CLbyé6ns | .| 72% (-59%) |-12% (-30%)
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In all three microarchitectures, the underlying DRAM architecture remains intact, making the
proposed microarchitectures low-cost and compatible with the industry standard DDR3 devices.
To quantify the overheads and savings, we modeled the internal DRAM components using SPICE
simulations in a 3-metal layer 28nm DRAM process and 6F> DRAM cells. Table 6 indicates that
our microarchitectures have a limited impact on the DRAM area. DRAM access latency (either
from the processor or CGRA) does not increase either; the CGRA-DRAM access latency even
decreases by 6ns in Microarchitecture 3. Table 6 also indicates that CGRAs consume less energy
to transfer the same number of bits than processors. This is because CGRAs obviate the need of
serializing data and also the TSVs used for the CGRAs have better signal integrity and lower load
capacitance than the pads, bumps, and PCBs used to connect a processor and DRAM packages.
The wider datapath structures consume even less energy per bit because the overhead of sending
and decoding a command/address is amortized over a larger number of bits per data transfer
transaction. The impact of enabling connection to CGRA on normal access energy to the
processor is minimal because GIO energy, which is affected by the growth in DRAM area, is
much smaller than inter-package I/O energy. Table 6 summarizes this energy overhead of the

three microarchitectures on normal DRAM accesses.

5.2.2 Memory Access by Accelerators

Memory controller: As shown in Figure 17, each CGRA includes an MC to issue memory
requests to its DRAM device. Through TSVs, the CGRA-side MC sends command/address bits to
the DRAM device to indicate the type of operation and the address involved (which in turn
determines the bank, row, and column within the DRAM device). For all the CGRA-DRAM
connections proposed in Section 5.2.1, the CGRA-side MC manages data transfers between the
CGRA and DRAM device in compliance with DRAM timing constraints such as tFAW and

tRRD [125]. The CGRA-side MC does not require complex request ordering and arbitration logic
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Figure 17. Accelerator stacked on top of a DRAM device.
that exists in the processor-side MC. Generally, many accelerated kernels include little or no data-
dependent control flow and avoid “pointer chasing.” Thus, the memory request order can usually
be optimized during kernel development. The processor-side MC is always responsible for
providing DRAM clocks and refreshing the DRAM.

DRAM ownership transition between a processor and Accelerators: When a kernel is
launched, the processor-side MC hands over the control of a DRAM rank to CGRA-side MCs.
The processor-side MC stops sending commands (e.g., ACT and CAS) to the DRAM rank with
active CGRAs. When the ownership of a DRAM rank switches, its banks are in the precharged
state. Thus, bank conflicts are avoided and the page policy (open or close) is managed by the
owner. After the processor offloads a kernel to CGRAs, it busy-waits until the CGRA operations
complete to avoid frequent concurrent accesses by both the processor and the CGRAs (See
Section 5.2.3). When processor cores (including ones that are not using CGRAs in a multi-
programmed environment) need to access the DRAM rank with active CGRAs, CGRA operations
are suspended (by writing to a DRAM mode register) and the CGRA-side MCs close (precharge)
DRAM pages. At the same time, the processor-side MC assumes that all pages in that rank are
currently closed when it takes back the control of the DRAM rank. Then, the processor-side MC

can activate the required page and access data.
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In a multi-programmed environment, processor cores might access the DRAM rank with
active CGRAs. One method to alleviate the problem of such concurrent access is to partition main
memory space into two groups: addresses mapped to conventional ranks, and addresses mapped
to CGRA-enabled ranks. Memory allocation policies [126] can allocate application memory to a
proper DRAM rank. Memory requests from applications that do not utilize CGRAs will not thus
interfere with memory requests of active CGRAs. An alternate form of this method is to limit the
number of banks accessible by CGRAs to a specific set of banks. Therefore, the processor and
CGRAs each have access only to their own dedicated set of banks. The drawback of this
approach is to impose capacity constraints on allowable CGRA working set size, making CGRA
programming more difficult.

The other way is to lock up the DRAM rank with active CGRAs and delay interfering
memory accesses to the same rank untii CGRA computations are completed. This, however,
might significantly increase the response latency of the interfering task. The other way could be

to use an MC that is shared between the processor and CGRAs. The shared MC can manage

8 éh <7>| 2 Read/Write 0g o
203 <D . —>{ Control Circuit O58
> Register 03
CMD 1/0 Command >3-
from |Command[—» Decoder —T|| Mode Regs 2
CPU clnpUt| < T™—
— ontro Memo
Circuit —>Commarr¥d N Status Regs Dl Data I/O
o= Decoder Kernel Regs Data E%faom
0o na - Input/
<o | Register P
Addr I/0 * 2 3 =5 | Address ) Output
from  [Address || Latch Memory Cell Circuit
P> Control Memory and
Circuit —» Alcildtreﬁs (| Decoders
atc

Figure 18. Access to mode, status, and kernel registers.
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concurrent accesses based on latency and performance constraints. Although this approach is not
feasible in the NDA architecture due to physical placement of CGRA-side MC and processor-side
MC in different chips, this could be mapped to DRAM stacks that use a central MC in their logic
layer (e.g. HMCO).

Similarly, the same ownership transition mechanism can be used when the processor-side MC
must refresh the rank with active CGRAs. Although periodic refresh operations from the
processor-side MC are unavoidable [127], refresh intervals (tREFI) are long enough (e.g., 7.8us
in DDR3) to allow CGRAs to make considerable progress within them. CGRAs can be aware of
refresh intervals and can suspend their normal operations right before the refresh command from
the processor-side MC. One method to make the CGRA-side MC aware of refresh intervals is to
have the processor-side MC send a refresh command right before it hands over its control to
CGRA-side MC. Then, the CGRA-side MC can simply predict when the next refresh command
will arrive from the processor-side MC. Recent techniques such as adaptive refresh [127] and
retention-aware refresh [128] can be used to further mitigate the refresh overhead. Furthermore,
on-die temperature sensors [116] can be provisioned to enable adjusting temperature-aware
refresh intervals.

Memory addressing: CGRAs in NDA use physical memory addresses, and usually operate
on big data structures (e.g., large images and matrices) that are brought into the memory by the
processor at startup in large chunks. Big-data workloads rarely benefit from virtual memory
features such as page swapping [129]. Therefore, to ensure CGRAs read/write data from/into
contiguous regions of physical memory, we adopt memory segmentations without paging for the
region of memory address space accessed by CGRAs [129]. This segmentation approach maps
contiguous regions of virtual memory to contiguous regions of physical memory which eliminates

virtual memory overheads due to TLB misses for the large data structures accessed by CGRAs.
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The conventional page-based virtual memory is used for the rest of the address space. In NDA,
the processor-side MC provides CGRAs with the physical starting address of data through system
calls. Before invoking CGRAs, the processor must pin the memory regions (segments) accessed
by CGRAs through the OS.

Error Correcting Code (ECC): For the memory address space used by the processor we can
still use conventional ECC mechanisms. For the memory space used by CGRAs, we can embed
the complete ECC code word for each data word packed/shuffled in each DRAM device which is

called embedded ECC [130]-[132].

5.2.3 Processor-Accelerator Communication

The processor uses DRAM memory-mapped registers to communicate with CGRAs through
the processor-DIMM interface. The processor-side MC transfers parameters such as data starting
addresses, kernel configuration starting addresses, and kernel ID and triggers kernel
execution/reconfiguration on CGRAs by writing to the kernel registers (Figure 18). This does not
require changes to the processor-DIMM interface as existing MCs support accessing
programmable mode registers in conventional DRAM. Once CGRAs start their execution, they
can access the parameters from those register locations.

CGRAs can notify the processor of their execution status by writing to the status registers in
their local DRAM devices. The processor periodically polls these memory-mapped status
registers to check for kernel completion or exceptions (like errno). CGRA exceptions can be
imprecise and terminate a kernel [133]. The status register read by the processor does not
intervene in DRAM accesses by the CGRA since the status register which is supplied onto the
off-chip bus uses a separate datapath in DRAM (Figure 18). Based on the kernel running on
CGRAs and the data size of the kernel, the processor can accurately estimate the execution time

of a kernel, thereby polling status when the kernel execution is about to finish or has just finished.
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5.3 Software Considerations

5.3.1 Target Applications

NDA targets big-data applications with high parallelism and localized memory accesses
which are traditionally deployed on Map-Reduce frameworks [92]. High parallelism enables
employing CGRAs concurrently and localized memory accesses reduce inter-CGRA
communication. Exploiting CGRAs for energy-efficient, accelerated data processing and high-
bandwidth and low-energy 3D interconnects, NDA can process a large amount of data efficiently
and quickly in the era of big data where huge data sets are being processed and analyzed

constantly [134].

5.3.2 Data Arrangement for Accelerators

The conventional DIMM architecture interleaves each 64-bit data block amongst DRAM
devices in a given rank, each of which stores 8 and 16 bits for x8 and x16 DRAM devices,
respectively. However, NDA requires that all data used by each CGRA be located within the
DRAM device to which the CGRA is attached. Maintaining compatibility with the standard
DIMM architecture and interface requires rearranging data both to (i) partition them across
CGRAs for parallel processing and to (ii) ensure that all sub-words of a given data word are
written to the same DRAM device.

Figure 19(top-left) shows an example of a 4x4 array of 32-bit words (A—R), where the four
quadrants of the array should be distributed among the four x16 DRAM devices in a DIMM as
indicated. Here, each 32-bit data word consists of 16-bit upper and lower subwords, labeled “1”
and “0”. Figure 19(top-right) shows how this array is typically distributed across x16 DRAM
devices, separating the upper and lower halves of each 32-bit word, and failing to group the data

for each quadrant into a single device. Figure 19(bottom) shows a “shuffled” arrangement of the
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Figure 19. Data arrangement across devices for a 4x4 array of 32-bit words (A — R).
Original data arrangement (top) and shuffled arrangement for NDA acceleration
(bottom).

same data that results in the desired partitioning for NDA processing when it is written to the
DRAM through the standard interface.

The processor shuffles CGRA input data during initialization. The once-per-execution
overhead of input data shuffling is amortized over long-running applications that process a
significant amount of data. Shuffling is not required for data that is both produced and consumed
by CGRAs. For many applications, CGRA processing also reduces the local data within the
DRAM device before it is further analyzed and reduced by the processor. This is similar to Map-
Reduce programming model in which CGRAs perform map and local reduce operations and the
processor performs global reduce and controls execution (Figure 20). If the CGRA result data is

needed by the processor, the processor must “unshuffle” it before using it.
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Figure 20. NDA programming model.

5.3.3 Programming for NDA
In NDA, Similar to SIMD/GPU engines, the processor is responsible for running the OS and

irregular control-flow codes, and CGRAs execute application kernels.

Programming model: Figure 20 depicts the programming model for applications mapped to
NDA. To enable concurrent CGRA computations with partitioned data, the processing is split
into smaller computations. Data processing in many data-intensive applications in domains such
as high-energy physics, biology, scientific computing, and geology can be split this way [135].

In case some boundary data is needed by more than one CGRA, this data need to be
replicated to reduce/eliminate inter-CGRA communication. This replication can be performed
when the CGRA input data is shuffled and the data structures initialized. If direct data
communication between CGRAs is required (inter-CGRA data sharing), the processor can

orchestrate data sharing between CGRAs by reading data from one DRAM device and write it to
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another DRAM device. This is a time-taking process because the processor should first perform a
DRAM read and then a DRAM write operation for each piece of shared data and only a portion of
DRAM bandwidth is used in each DRAM operation. As a result, data sharing between CGRAs
should be infrequent to keep the communication overhead low; meaning our NDA architecture is
not a good fit for applications with high amount of data sharing between threads. After CGRA
computations are completed, CGRAs output data is processed and merged by the processor.

Mapping programs to NDA: We analyze applications to find kernels with long execution
time. We then divide the application into software (run by the processor) and hardware kernels
(run by CGRAs). The chosen kernels are converted to dataflow graphs, which are mapped to
CGRAs. The software code is then modified to replace kernel computation with appropriate
instructions to transfer parameters and control between the processor and CGRAs.

Program execution flow in NDA: The pseudo code in Figure 21 shows the program
execution flow of applications mapped to NDA. After partitioning and shuffling data, the
processor configures CGRAs to run the required kernels. The processor then sends kernel
parameters to CGRAs and triggers execution. The processor busy-waits untili CGRA
computations are finished. Once all processing using the current kernel is complete, the processor

can read the CGRA output data and unshuffle it.
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1: Partition data structures and allocate memory

2: Shuffle (arrange) input data

3: Configure CGRAs

4: While (data processing not complete) {
5: Send kernel parameters and trigger kernel executions on CGRAs (spawn computation)
6: Check CGRA computation status
7: If CGRA computation not finished, go to 6

}
8: Unshuffle CGRA output data, if needed

Figure 21. Execution flow of programs mapped to NDA.

5.3.4 Data Coherence and Memory Consistency

There is no hardware mechanism to enforce data coherence between the processor and
CGRAs. Since CGRAs have no access to the processor on-chip cache hierarchy, the data
produced/modified by the processor and consumed by CGRAs should not be left in the
processor’s on-chip caches. To avoid inconsistencies between the processor’s cache and main
memory, the region of memory containing the data set consumed by CGRAs (i.e., CGRASs’
shuffled input data) is defined as an un-cacheable region of memory. The processor does not
usually consume data from this region of memory in the near future, if ever. Thus, it is not
necessary to maintain cache coherence for this region of memory.

The processor accesses data in this region using non-temporal instructions (e.g., MOVNTOQ,
MOVNTPS, and MASKMOVQ in x86') that bypass the cache hierarchy. CGRAs usually operate on
large data sets such as multi-dimensional matrices. The processor initializes/loads those data sets
in memory using non-temporal instructions which are then consumed by CGRAs. Other data sets

(including the data sets produced by CGRAs and consumed by the processor) can use hardware

" ARMVS has some non-temporal hint instructions such as LDNP and STNP.
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cache coherence as usual. Note that for the region of memory that is produced by CGRAs, the
programmer should make sure no stale data is stored in the cache hierarchy before the processor
accesses it. The processor and CGRAs do not operate on the same data set simultaneously. When
CGRAs are working, the processor periodically checks the status of CGRA computations until

they are completed. As a result, no changes to memory consistency are needed.

5.4 Evaluation Methodology
In this section, we present our methodology to evaluate and quantitatively compare our

proposed NDA architecture with prior work.

5.4.1 Benchmarks
Table 7 shows 11 different benchmarks from the San Diego Vision [136], Parboil [111],

CORAL [137], SPLASH-2 [138], and Rodinia [139] benchmark suites that we use for evaluation.
These benchmarks are scientific (e.g., LBM, KM, and MRIG) and multimedia (e.g., SIFT,
TRCK, and DISP) workloads. Table 7 also recaps the shuffling overhead of CGRAs’ input data
relative to the execution time of the benchmarks running on the baseline architecture in Section
5.4.3. The shuffling overhead numbers for iterative benchmarks are reported for 20 iterations. For
the iterative benchmarks, as the number of iterations increases, the shuffling overhead of input

data is amortized over more computation.



82

Table 7. Benchmarks used in our evaluation

- # of | Replaced g ifling
Name [Description Iterative?| Exec.
Kernels . Overhead
Time
BP  |Back propagation [139] 4 Yes 99.9% 1.6%
DISP |Disparity map [136] 10 No 99.9% 0.1%
HACC Hardware accelerated cosmology code (N- ) Yes 99 9% 1.5%
body) [137]
HS |Hotspot [139] 2 Yes 99.9% 1.1%
KM |K-means clustering [139] 1 Yes 99.9% 0.7%
LBM ﬁalttll]ce-Boltzmann method fluid dynamics 1 Yes 99 9% 1.3%
MRIG M:agqetic resonance imaging cartesian 1 No 98.5% 0.14%
gridding [111]
OCN |Ocean movements [138] 16 Yes 81.7% 1.6%
SIFT |Scale-invariant feature transform [136] 4 No 92.7% 0.1%
SRAD |Speckle reducing anisotropic diffusion [139] 3 Yes 99.9% 0.2%
TRCK |Feature tracking [136] 8 No 79.3% 2.0%

5.4.2 Architectural Components

CGRAs: Functional units (FUs) in our CGRAs are unified dual-mode integer/floating point
units, meaning that they can operate in either integer mode or floating point mode. Most FUs can
perform addition, subtraction, and a few logical operations, while a few FUs can perform
complex operations such as multiplication and division. Table 8 summarizes the details of a
CGRAs with 32 FUs and 64 FUs used in this dissertation. The types of FUs and the number of
each type present the required operations of our benchmarks. Numerical methods approximate
rarely used operations, such as square root.

For evaluating area and power consumption of FUs and switches in our CGRAs, we

developed their Verilog models using Synopsys DesignWare building block IPs [105] and



83

synthesized them using the Synopsys design compiler 2013 and TSMC 40 nm low-power
standard-cell library. We optimized them for two clock frequencies of 400 MHz and 800 MHz.
Based on Table 8, we estimate that the area of a 64-FU CGRA is ~0.832 mm?’ in 40 nm
technology targeted at 800 MHz. Moreover, based on our estimates using McPAT [95], the area
of a CGRA-side MC is ~0.21 mm®.

CGRAs consume very little dynamic power because of their simple datapath and low
frequency. In our benchmarks, the dynamic power of switches and FUs in a CGRA is only 3-17
mW, translating to a power density of 4-21 mW/mm®. Moreover, CGRAs are stacked on top of
DRAM devices (not bottom). Thus, they can dissipate heat without passing the DRAM die. Thus,
we believe that CGRAs have minimal thermal impact on a DRAM device. Note that the power
gird of existing modern DRAM dies would further reduce CGRA temperature variations by

acting as a heat spreader.
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Table 8. Design parameters of 32-bit CGRA with 64 and 32 FUs

Energy per Operation
Count Area (um’
Unit Latency Functionalit
M| (Cycles) 32.FU | 64.pu |OPtimized | Optimized | Optimized | Optimized unctionafity
CGRA | CGRA for 400 for 800 for 400 for 800
MHz MHz MHz MHz
INT Int.
ALU 1 2997 3589 2.1 2.2 Add/Sub/Comp/
Logic/Shift
20 40
FP FP
ALU 5 3830 4762 44 7.1 Add/Sub/Fp2Int
/Mnt2Fp/Comp
INT Integer
MUL 2 6270 6507 12.6 13.1 multiplicator
10 20
FP Floating-point
MUL 4 5630 6565 10.0 11.3 multiplicator
INT ..
DIV 8 10072 10596 27.6 30.1 Integer divider
2 4 : :
FPDIV| 9 13404 | 15484 24.4 277 Floating-point
divider
Switch - 45 81 4236 [40] 1.11 -

Processor: This proposal does not depend on a specific ISA or processor architecture. We

use a four-way OoO processor with a 16-stage execution pipeline. Table 9 shows the

architecture parameters of the processor and its caches.

Table 9. Key processor architecture parameters

key

E:tlfg}]{)eeticr(;dggiipamh/ 4/4/4/5/4 I/D L1 caches 32KB 4-way
ROB/IQ/LQ/SQ entries 128/36/48/32 I/D L1 ports 172

Integer and FP ALUs Nehalem-like L2 cache 512KB 8-way
Int & FP physical Regs 128 and 128 Cache line size 64 bytes
Branch predictor Tournament L1/L2 latency 3/16 cycles
BTB entries 2048 L1/L2 MSHRs 10/16
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Memory: We use DDR3-1600 DRAM devices with data I/O sizes of either 8 bits (x8) or 16
bits (x16), which are common for DDR3. In x8 and x16 interfaces, there are eight and four
memory devices in a given rank, respectively, to form a 64-bit bus between the memory and MC.
In general, DDR3 devices have a burst-length of 8, transferring 64 bytes of data in each memory
transfer between the MC and DRAM devices. Both interfaces have 8 banks per rank. However,
x8 and x16 DRAM devices have a different row buffer size of 1KB and 2KB per device,
respectively [140]. Table 10 contains detailed timing parameters of DRAM subsystem and the

MC used in our evaluation.



Table 10. DRAM subsystem parameters
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DDR3-1600-11-11-11-28 [140] Symbol | Latency (ns)
Activate to read or write delay tRCD 13.75
Column access latency tCL 13.75
Row precharge command period tRP 13.75
Activate to precharge command period tRAS 35.0
Read to read command delay tCCD 5.0
Write to read delay tWTR 7.5
Write Recovery tWR 15.0
Minimum time between a read command and a precharge command {RTP 75
Read to write delay tRTW 25
Activate to activate delay tRRD 6.25
Four activate windows tFAW 40.0
Burst transfer delay tBURST 5.0
Refresh cycle time tRFC 300.0
Refresh command interval tREFI 7800.0
Device row buffer size 1KB/2KB for x8/x16

Memory Management

Description

Address mapping

Page interleaving

Row policy

Open page

Processor-side memory controller

40/40-entry read/write request queues, FR-

FCES scheduler
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5.4.3 Evaluated Architectures

We compare the performance of the NDA architectures against a diverse set of architectures.
Table 11 summarizes different architectures that we use for evaluation in this proposal. In the
“Baseline” architecture, we use a conventional four-way processor (Table 9) running at 2GHz and
DDR3-1600 memory subsystem (Table 10) without any CGRAs. In the “Base 4xPara”
architecture, we assume that the performance of evaluated applications perfectly scales with the
number of cores whereas in reality, parallel application performance is strongly dependent on
how well the applications are parallelized. In the “Base+CGRAs” architecture, CGRAs are
integrated with the processor [37]-[39], [41], [54], [141]; CGRAs transfer data through the off-
chip interconnects between the processor and DRAM devices. In the NDA architectures, DRAM
devices are coupled with CGRAs to enable near-memory processing. In the NDA architectures,
four CGRAs are stacked atop each x8§ DRAM device to provide the same total number of CGRAs
as the “Base+CGRASs” architecture. In all the NDA architectures (NDA-1, NDA-2, and NDA-3),
we conservatively assume that it takes 1.25ns to latch (to minimize skew) and transfer data

between a DRAM device and a CGRA over TSVs.

5.5 Results

In this section, we evaluate performance and energy-efficiency of the NDA architectures.
Unless otherwise indicated, we use x8 DRAM devices and CGRAs with 64 FUs at 800 MHz. We
consider both dynamic and leakage energy of the processor, DRAM devices, and CGRAs. While
CGRAs are operating, the processor runs at 1/16™ of its operating frequency and can periodically
check the status of CGRAs by reading CGRA status registers through the processor-memory
interface after a certain delay (e.g., 10000 idle loop iterations). Future work can study using idle

C-states in the processor core when CGRAs are operating.
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5.5.1 Data Transfer (Movement) Energy

NDA improves data transfer energy by performing computation near off-chip DRAM
devices. Figure 23 plots the energy consumed to transfer data through the memory I/O interface
(off-chip and/or TSV interconnect) and through the register file, cache hierarchy, LSQ, and buses
(on-chip transfer) for the baseline and NDA architectures. NDA can greatly reduce data transfer
energy for several reasons. First, most of these benchmarks have large working sets with low
temporal locality that do not fit within processor caches. Second, for applications that have
temporal locality, CGRA’s internal registers allow local storage of data. Finally, NDA uses low-
energy TSVs consuming 5x less energy than off-chip interconnects. Overall, NDA-1, -2, and -3
reduce average data transfer energy by 64%, 66%, and 68% over the “Base+CGRAs”
architecture, respectively. NDA also reduces average data transfer energy by 89% over “Base.”

Note that “Base 4xPara” decreases on-chip cache (leakage) energy by 75% compared to
“Base” due to reduced application execution time. “Base+CGRAs” also decreases average on-
chip data transfer energy by 79% over “Base,” because CGRA’s internal registers can reduce

accesses to the processor cache hierarchy [4].

Table 11. Summary of different architectures evaluated in this chapter

Abbreviation | # CGRAs Description

4-way 000 processor at 2GHz (Table 9) and DDR3-1600 x8 memory

Base - (Table 10)

Same as the baseline with four threads running concurrently with

Base 4xPara i hypothetical ideal thread parallelism

Base+CGRAs 32 Same as the baseline with 32 on-chip CGRAs co-located with the processor

Same as the baseline with 4 CGRAs stacked atop each x8 DRAM device

NDA-1 32 using Microarchitecture 1

Same as the baseline with 4 CGRAs stacked atop each x8 DRAM device

NDA-2 32 using Microarchitecture 2

Same as the baseline with 4 CGRAs stacked atop each x8 DRAM device

NDA-3 32 using Microarchitecture 3
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5.5.2 Total Energy
NDA improves total energy consumption by exploiting energy-efficient CGRAs near DRAM

devices. Figure 22 shows the total energy dissipation breakdown of baseline and NDA for all the
evaluated benchmarks. We categorize the energy dissipation into four components. “scheduling
and execution” comprises energy dissipation of (i) fetching and scheduling instructions in the
processor and (if) executing instructions in both the processor and CGRAs. “on-chip transfer”
represents energy dissipation of the register file, cache hierarchy, LSQ, and buses. “off-chip
DRAM I/O and TSVs” represents energy dissipation of the memory I/O interface.

On average, NDA-1, -2, and -3 consume 34%, 46%, and 39% lower total energy than
“Base+CGRAs.” NDA also consumes 84% and 78% lower energy than “Base” and “Base
4xPara,” respectively. Due to absence of the overhead of fetching and scheduling instructions in
the processor for kernel executions, NDA using CGRAs processes data much more energy
efficiently than processors. Moreover, NDA substantially reduces data transfers through cache
hierarchy, register file, and bus. NDA also reduces leakage and background energy of the
processor and DRAM devices, respectively, because CGRAs accelerate application execution
(See Section 2.1.1 for more details on CGRAs). Reduced execution time reduces leakage energy
consumption. Finally, NDA considerably decreases DRAM device energy because CGRAs
generally have more well-defined and regular memory access patterns compared to processors
[10], [142]. This leads to higher DRAM page (row buffer) hit rate and thus lower DRAM activate
energy. Only for MRIG and SIFT, NDA incurs more DRAM accesses (i.e., more DRAM access
and activation energy) than “Base+CGRAs.” Higher DRAM energy in MRIG is due to its non-
uniform data distribution and gather memory operations and higher DRAM energy in SIFT is due
to its temporal data accesses that cannot fully be filtered out by CGRA’s internal registers. For

such applications, the processor’s on-chip cache hierarchy can reduce DRAM accesses.
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5.5.3 Speedup Comparison

NDA also improves performance of target applications by using parallel and accelerated
processing. Figure 25 compares the performance of NDA with baseline architectures. The
speedup numbers include execution time of both software and accelerated kernel(s). On average,
NDA-2 and NDA-3 provide 14.1x and 4.0x higher performance than “Base” and “Base 4xPara.”
High speedups originate from (i) concurrent execution of CGRAs, (ii) data-level parallelism
exploited by CGRAs, and (iii) slightly lower memory access latency, and 2x and 8x higher
memory bandwidth for NDA-2 and -3, respectively.

NDA-1 provides the same aggregated memory bandwidth as “Base” and “Base+CGRAs” for
CGRAs. However, NDA-1 provides 10.1x higher average speedups than “Base” because its
CGRAs exploit data parallelism. NDA-1 provides 19% higher average speedup than
“Base+CGRAs” although “Base+CGRASs” also uses CGRAs to exploit the same data parallelism
as NDA. The reason is that parallel execution of CGRAs integrated with the processor causes
more memory contentions, leading to higher DRAM bank conflicts and lower page hit rate. In
NDA, on the other hand, CGRAs operate independently from other CGRAs, Thus, each CGRAs’
DRAM accesses do not interfere with other CGRAs’ accesses as each CGRA has access only to
its local DRAM device. Finally, NDA also benefits from transferring data through 3D-
interconnects with 2ns lower memory access latency (and 2x and 8x higher bandwidth for NDA-
2 and -3) and bypassing data transfers across the processor cache hierarchy. NDA-2 and NDA-3
increase average performance by 67% and 66% over “Base+CGRAs,” respectively, due to higher
DRAM bandwidth. Among the tested benchmarks, MRIG is the only one that does not take
advantage of NDA, where NDA-2 performs 31% worse than “Base+CGRA” because MRIG

exhibits notable temporal data locality and benefits from the processor on-chip cache hierarchy.
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Figure 25 indicates that NDA-3 performs almost the same as NDA-2 although its CGRA-
DRAM peak bandwidth is 4x higher. To achieve peak bandwidth in NDA-3, all 8§ DRAM banks
should be utilized concurrently, while NDA-2 achieves its peak bandwidth with streaming
accesses. Moreover, memory transactions in NDA-3 are half of the width of those in NDA-2,
resulting in more transactions in NDA-3 for wide memory accesses. We expect that optimizing
memory access patterns of the benchmarks to exploit bank-level parallelism could improve NDA-

3 performance.
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Figure 25. Performance comparison of different architectures normalized to the “Base+CGRAs” architecture.
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Figure 26. Performance of different NDA approaches to connect CGRAs and DRAMs with varying the number of stacked
CGRAs (x axis) normalized to performance of NDA-1 with one CGRA stacked atop a DRAM. CGRAs have 64 FUs running at
800 MHz and are stacked atop x8 DRAM devices.
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5.5.4 Sensitivity to CGRA-DRAM Connection Type

Having different memory bandwidth characteristics, our three NDA microarchitectures lead
to different performance results. Figure 26 compares the performance improvement of NDA-2
and -3 over NDA-1 with one CGRA stacked atop a DRAM device. NDA-1 provides the lowest
bandwidth among our three microarchitectures. To evaluate the benefit of higher CGRA-DRAM
bandwidth, we vary the number of CGRAs stacked atop each DRAM device (x axis). Figure 26
includes only accelerated kernel execution since CGRA-DRAM connection type has no impact
on the processor performance. Figure 26 indicates that performance of some benchmarks such as
KM scales well with the number of CGRAs while performance of other benchmarks such as HS
caps out with more CGRAs due to memory bandwidth limitations.

NDA-2 and NDA-3 achieve 74% and 89% higher average performance than NDA-I,
respectively (with 16 CGRAs per DRAM device); the evaluated benchmarks can exploit the
higher bandwidth of NDA-2 because they mostly tend to access data in streaming fashion. NDA-
3 provides the highest bandwidth and thus most benchmarks can achieve their highest
performance when the number of CGRAs is 16. Note that increasing the number of CGRAs to 16
slightly decreases performance of HS, LBM, and OCN. This is because more CGRAs for these
benchmarks increase memory contentions (i.e., DRAM bank conflicts). We expect that
optimizing the benchmarks to exploit bank-level parallelism can lead to significant performance

improvement of NDA-3.

5.5.5 Sensitivity to CGRA Computing Capability

We evaluate the impact of the number of FUs and frequency of CGRAs on the accelerated
kernel execution time. For this evaluation, we use CGRAs containing 32 and 64 FUs running at
400MHz and 800MHz. Figure 27 compares the performance of NDA-1 using CGRAs with

various computing capability. For this evaluation, only one CGRA is stacked atop each DRAM
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device. Figure 27 includes only accelerated kernel execution since CGRA’s computing capability
has no impact on the processor performance. For data-intensive benchmarks such as DISP and
TRCK, the computing capability of CGRAs has small impact on performance, while for
compute-intensive benchmarks such as HACC, LBM, and SRAD, the more CGRA’s computing
capability can significantly improve performance. Some benchmarks such as KM benefit more
from higher frequency CGRAs, while benchmarks such as SRAD and SIFT benefit more from
more FUs. On average, a 64-FU CGRA at 800MHz achieves 82% higher performance than a 32-

FU CGRA at 400MHz on our benchmarks.
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Figure 27. Performance of the NDA-1 x8 architecture by varying the frequency of CGRAs and number of functional units in
CGRAs (normalized to performance of NDA-1 x8 using 32-FU CGRAs at 400MHz). One CGRA is stacked atop each x8§ DRAM.
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5.5.6 NDAxS8 versus x16
As explained in Section 5.2.1, our proposed NDA architecture is also applicable to DRAM

x16 devices. There are eight and four DRAM x8 and DRAM x16 devices in a given rank. Thus,
to have the same computing capability, NDAx16 requires twice the number of CGRAs per
DRAM device compared to NDAX8. Our experiments demonstrate that NDAx16 performance is
on average 1.7% higher than NDAx8 for our evaluated benchmarks. The row-buffer size of each
DRAMx16 device is twice that in DRAMX8 devices. As a result, NDAx16 has higher
performance for streaming benchmarks (e.g., 23% and 9% better performance for DISP and
TRCK on NDAx16 versus NDAx8). Conversely, concurrent execution of more CGRAs per
DRAM device increases bank conflict rate. As a result, some benchmarks such HS and SRAD

perform 44% and 22% better on NDAX8 versus NDAXx16.

5.6 Summary

We have proposed a new architecture, NDA, to enable accelerated data processing near main
memory. NDA concurrently reduces energy and enhances throughput in data movement by
stacking coarse-grain reconfigurable accelerators on top of conventional DRAM devices and by
off-loading data-intensive operations to the accelerators. Apart from inserting through-silicon vias
to 3D-interconnect DRAM devices and CGRAs, NDA requires minimal changes to the
underlying DRAM design and no change to processor design, enabling NDA to be more easily
adopted in existing and emerging systems for energy reduction and performance improvement.
The simulation results show that our NDA architectures significantly improve performance of a
wide range of evaluated applications by 3.2-60.6x and reduce their total energy consumption by
63-96% over an aggressive out of order processor. Compared to a computing system integrating

the same accelerator logic inside the processor, our NDA architectures decrease data transfer
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energy by 64%-68% and increase performance by 19%-67%, respectively. We show that NDA
architectures increase DRAM area by only 0.2%-3.3% with no negative impact on DRAM

timing.
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6 Conclusion

Reconfigurable architectures have been studied in the past, but energy concerns make
researchers revisit architectures based on coarse-grain reconfigurable accelerators with fresh eyes.
Heterogeneous architectures that take advantage of dark silicon to realize accelerators are highly
expected in the near future. Reconfigurable accelerators use currently cheap silicon area to
energy-efficiently speed up a variety of application kernels. The dissertation has investigated
opportunities to provide energy-efficient computing using heterogeneous reconfigurable
architectures. Our investigations have led to two primary proposals for heterogeneous
reconfigurable architectures that use accelerators for data processing. First, we have proposed
new data cache designs for systems that interface reconfigurable accelerators with the cache
hierarchy. Second, we have also proposed a novel near-memory memory architecture to enable
energy-efficient computing by stacking reconfigurable accelerators on top of commodity DRAM
devices.

In Chapter 4, we have evaluated a wide range of cache designs in embedded systems that
couple a processor and a coarse-grain reconfigurable accelerator on a single chip through a
shared-memory cache hierarchy and have found that configurable cache architectures can
significantly improve energy-efficiency by varying cache requirements across target applications.
Therefore, we have investigated a configurable cache organization that allows shared and private
L1 data caches to exist in the same architecture. Furthermore, we have investigated a novel cache
design that provides a configurable tradeoff between cache capacity and cache bandwidth.

In Chapter 5, we have proposed a near-memory processing architecture that we call NDA
(Near-DRAM Acceleration). The NDA architecture takes commodity “2D” DRAM devices (not

existing 3D DRAM) and stacks low-power, low-area, and flexible coarse-grain reconfigurable
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accelerators atop DRAM. Therefore, the NDA architecture extends a conventional system by
accelerator-enabled DRAM devices to process data near where it is stored. In the NDA
architecture, the accelerators can directly access data from their corresponding DRAM device and
provides, in a practical way, high-bandwidth connections between the accelerators and DRAM
devices only for the purpose of near-memory processing. The NDA architecture promises a new
local data processing approach that significantly reduces data movement between storage units
and processing units (i.e., data movements from the off-chip DRAM through on-chip caches,
buses, and register file). We believe that using commodity DRAM devices provides a cost-
effective approach for reducing data movement energy in the short run.

In this dissertation, we have shown that the proposed NDA architecture can significantly
reduce energy, while achieving high speedups compared to conventional systems. We have also
demonstrated that the NDA architecture does not require design changes to the processor(s), the
processor-memory interface, or the underlying architecture of commodity DRAM devices, apart
from the additional TSVs. This is particularly attractive to DRAM manufacturers looking to
provide added value to their products without significant rework or requiring cooperation from
large microprocessor companies.

We have proposed three microarchitectures in the NDA architecture to provide high-
bandwidth connection between reconfigurable accelerators and DRAM devices by taking
advantage of high internal bandwidth of DRAM devices. Higher memory bandwidth could
potentially improve the performance of data-intensive kernels running on the accelerators. The
off-chip bandwidth of DRAM devices are constrained by their off-chip I/O bus width and
frequency. However, DRAM devices are essentially multi-banked devices with wide row buffers
that store the most recently accessed data. This means that DRAM devices could provide much

higher bandwidth if not constrained by requirements of their off-chip buses. We break this
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constraint by proposing microarchitectures that intercept data from DRAM’s internal buses and
transfer data between DRAM and accelerators over TSVs. Our proposed microarchitectures

increase the DRAM-accelerator bandwidth with little area overhead on DRAM devices.

6.1 Future Directions

During the course of this desertion research, we have discovered future research directions
that have not been studied deep enough by the academia or industry. Currently, near-memory
processing is a new avenue of research that certainly requires more studies.

Virtual memory, coherence, consistency issues in near-memory processing
architectures: Although we have considered and discussed these issues in the NDA architecture,
more thorough investigation could be done as future work. The accelerators in the NDA
architecture use physical addresses to access data from memory. Using physical addresses raises
permission (read or write) and security challenges. Input-output memory management units
(IOMMUs) [143] could potentially address permission and security challenges in near-memory
processing architectures. Compute engines near-memory could employ IOMMUs to enable
virtual memory addressing and access permissions for compute engines. Efficient integration of
IOMMUs with near-memory compute-engines, their impacts on the design cost and performance,
and their benefits and drawbacks in near-memory processing architectures could be studied
thoroughly.

In the NDA architecture, the cache coherence and consistency model of the host processor are
left unaltered. We use un-cacheable regions of memory for CGRA address space that require no
changes to the host processor. The programmer specifies un-cacheable regions and is responsible

to maintain coherence. A study investigating hardware coherence techniques could be performed.
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Moreover, memory consistency could also be revisited to enable concurrent accesses of processor
and CGRAs to memory.

Near-memory processing using non-commodity DRAM devices: Our NDA architecture
extends the traditional systems to enable near-memory processing using commodity DRAM
devices. However, we believe other forms of near-memory architectures could be studied in the
future. Non-commodity DRAM stacks such as HMC [90] and Wide I/O 2 [144] are inherently
aimed at 3D architectures. These DRAM stacks target higher bandwidth and lower power
consumption which are the fundamental bottlenecks of commodity DDR devices. This makes
HMC and Wide I/O 2 a good fit for near-memory processing provided their manufacturing cost
plummets and they enjoy wide adoption by consumers.

Near-memory processing on clusters: The NDA architecture uses a single host processor to
control the flow of execution on accelerator-enabled DRAM ranks. A researcher could investigate
architectures for a cluster of nodes in which each node contains a host processor and compute-
engines near memory. In this cluster, the host processors not only control the execution on their
near-memory compute engines, they also manage data transfers between nodes. This cluster could
be used for processing large distributed datasets and in-memory databases. One step further, the
host processors can be removed to reduce the cluster cost. In this case, the near-memory compute
engines should be enabled (e.g. by using low-power embedded cores) to perform inter-node
communication as well as execution control.

Compute-engines for near-memory processing: In the NDA architecture, we used CGRAs
for near-memory processing. One could investigate using other types of compute-engines such as
GPUs [31], [145], SIMD units [30], low-power cores [92], [146], [147], FPGAs, ASICs [34], and
even heterogeneous cores [148] for target applications. Besides performance and energy-

efficiency, their thermal impacts and ease of programmability could also be studied.
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Programming model for near-memory processing: A programming model helps
programmers exploit the hardware platform and energy efficiency benefits of new architectures
and makes programming easier by abstracting architectural details. A good programming model
could significantly improve the adoption of near-memory processing architectures. Low-level
APIs to access CGRAs (loading a kernel, sending parameters, checking status, etc.) could be
studied as they pave the way for high-level programming models. Next, data structures for near-
memory processing, data partitioning among CGRAs, labor division between processor and
CGRAs, data communication between CGRAs and the processor, etc. could be investigated [25],
[82]. High-level programming models should make programming of the heterogeneous and
distributed near-memory processing architectures easier for general programmers.

Interconnects for near-memory processing: To enable data processing in compute engines
of the logic layer, data should first be transferred from memory dies to the logic layer and then
from the logic layer to target compute engines. In this dissertation, we have focused on
microarchitectures to transfer data between the DRAM die and logic layer. However, on-die
interconnect networks to route data within a logic layer are left as future work. An interconnect
network in a logic layer manages data transfers among on-die compute engines as well as data
transfers between the memory controller(s) in the logic layer and compute engines [149], [150].
The other scope of research could be design exploration for off-chip interconnects that manage
data transfers within a cluster of NDA-enabled nodes. An example of this type of interconnect is
inter-HMC networks [151].

In-SSD Processing: Near-memory processing architectures promise a new approach for
improving energy efficiency of a wide range of big-data workloads. However, there exists an
important list of applications that cannot be efficiently mapped to near-memory architectures, (or

NDA in particular). An example of these application kernels are scan (filter) workloads which are
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used in database [152], search [153], and biomedical [154] application domains. These
applications usually have regular data flow, low control complexity, and large working sets that
cannot be stored in physical memory. In these kernels, the streaming data is filtered or
preprocessed to generate a reduced set of data that is processed more thoroughly. Due to the data
filtering nature of these kernels, the high shuffling overhead of these kernels prevents their
efficient implementations on the NDA architecture (unless the input set is stored in a shuffled
fashion). However, these kernels can benefit from processing in Solid State Drives (SSDs).
Recently, there have been some preliminary proposals to enable data processing in SSDs [155]—

[160], but more investigations could lay a foundation for practical in-SSD processing.
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