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ABSTRACT

VALUE-AWARE MULTI-OBJECTIVE INTERCONNECT OPTIMIZATION

By

Sharath Jayaprakash

Geometrical scaling of critical semiconductor dimensions while keeping electric field con-
stant improves logic delay and power consumption, but degrades global and semi-global
interconnect delay. Repeater insertion and higher aspect-ratio wires partially alleviate inter-
connect delay, but adversely impact power consumption, temperature, and crosstalk noise.
Although a number of interconnect design techniques have been proposed, they primarily
target: (1) one or the other design metric, not all relevant metrics simultaneously and/or (2)
random or worst-case traffic conditions instead of real-workload traffic, which is important
because interconnect behavior (energy, delay, temperature, etc.) depends upon traffic value
characteristics.

To address the shortcomings of previous work, we present a value-aware interconnect de-
sign methodology that permits simultaneous optimization of multiple metrics in a prioritized
manner tailored to target application requirements. Towards this end, we first survey exist-
ing commonly-used interconnect design techniques and analyze their influence on different
interconnect circuit parameters and design metrics. From among these, we focus on wire
spacing and data encoding as examples of two techniques to which we apply our value-aware
methodology for optimization of interconnect energy, average delay, and peak wire temp-
erature in the context of the SPEC CPU2k benchmarks. Next, we describe and compare
two value-aware techniques that optimize energy savings within area constraints: partitioned
hybrid encoding and value-aware wire spacing. Finally, we present three encoding techniques
with increasing flexibility to adapt to traffic value characteristics: (1) static, which employs

a single encoding mode, fixed at design time based on traffic value characteristics, in all



cycles; (2) dynamic, which chooses the most suitable encoding mode in any given cycle from
among two or more predetermined modes; and (3) adaptive, which selects the most appro-
priate encoding mode in any given cycle from among a set of modes that changes with traffic
conditions at run time. These techniques provide increasingly greater benefits, with our
static technique easily outperforming previous, more complex, but value-oblivious, dynamic

encoding techniques.
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Chapter 1

The Need for Value-Aware

Interconnect Design

Technology scaling imposes limitations on interconnect design for high-speed and low-power
digital circuits and systems. Reducing transistor physical dimensions increases circuit den-
sity and speed, and reduces energy consumed per logic operation. However, microprocessor
performance increase is only roughly proportional to square root of increase in logic com-
plexity (Pollack’s Rule) due to increase in global interconnect delay that reduces or cancels
the speed gained due to smaller transistors [1, 2]. Reduced interconnect dimension increases
parasitic resistance, inductance, and capacitance that aggravate interconnect delay, power
consumption, and signal reliability. Thus, design of on-chip interconnects is one of the most

important challenges in nanometer-scale ICs [3].

1.1 Interconnect Problems and Challenges

Global interconnect delay does not scale with gate delay as increased integration leads to
longer and narrower wires. This problem in global interconnect scaling is evident from the
fact that in the older 1.0 pm Al/SiOy technology transistor delay was ~20 ps and inter-

connect RC delay for a 1 mm was ~1 ps while in the projected 35 nm Cu/low-k technology
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Figure 1.1: Local interconnects scale with gate delay whereas global interconnect delays do
not [4]. “For interpretation of the references to color in this and all other figures, the reader
is referred to the electronic version of this dissertation.”

transistor delay will be ~1 ps and interconnect RC delay will be ~250 ps [1, 5]. Further,
Cu resistivity increases in sub-100 nm technologies, as shown in Figure 1.2, as wire width
becomes comparable to the mean free path of charge carriers and aggravates interconnect
delay and resistive noise (IR drop). This limitation of interconnect delay affects latency and
bandwidth of communication channels and has a significant impact on system performance.

Further, in Intel microprocessors, interconnect power accounted for approximately 51%
of microprocessor power in the 130 nm technology and was projected to rise up to 65%-
70% of microprocessor power, over the next few years [7]. These trends in interconnect
power continues to hold even in modern interconnect-centric architectures, such as multi-core,
system-on-chip (SOC), and network-on-chip (NOC), where interconnect energy is expected

to account for almost 70% of the total chip energy [8].
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Figure 1.2: Effective copper resistivity (uf2.cm) increase due to both grain boundary and
interface electron scattering [1, 6].

This increased energy dissipation leads to higher wire temperature in global interconnects
which are furthest from the substrate/heat sink. Figure 1.4 shows the increasing temperature
gradient between substrate and top metal layer due to interconnect scaling. Top metal layer,
used for routing global interconnects, is expected to reach temperatures as high as 209°C
in 45 nm technology, for worst-case scenario where interconnect stack carries currents with
maximum rated current density [9, 10]. The temperature gradient for 35-nm technology
is smaller than that for the 50-nm technology due to larger fraction of metallization (Cu)
layers compared to inter-layer dielectric (ILD) layers, a product of the ITRS scaling scenario
used in the analysis. The maximum interconnect temperature also raises the peak RC delay,
thereby degrading both performance and reliability. Moreover, meso-porous low-k dielectrics,

expected to be introduced in 2012 [1] to helped alleviate the impact of interconnect scaling on
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Figure 1.3: Global lines are responsible for 21% of total dynamic power dissipation at 130
nm [7].

performance and energy dissipation, are mechanically weaker and aggravate thermal issues in
interconnects, due to increased Joule heating [11], which lead to increased interconnect delay
[12, 13, 14] and stress related breakdowns such as electromigration (EM), and time dependent
dielectric breakdown (TDDB) [11, 15, 16]. Further, the maximum current density limits for
the current dielectric cap technologies for copper will be exceeded by 2013 [1], exacerbating
interconnect reliability.

The impact on interconnect performance, power, and temperature created by scaling of
conventional metal /di-electric systems cannot be addressed by technology means alone, such
as use of low-k dielectric and low resistance Cu metal. Improved layout and circuit design
techniques (staggered placement of buffer, sleep transistors, etc.) and novel architectures
(multi-core, network-on-chip (NOC), etc.) have been successful in addressing interconnect
design limitations. However, unlike new materials like low-k dielectric, newer architectures

require new design tools and new software, and are not applicable to all designs. Hence,
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Figure 1.4: Global wire temperatures are expected to reach as much as 209°C in 45 nm
technology [9].
interconnect remains a bottleneck for many applications, even with these advances [1].
While RC delay is still a major factor in digital applications, increasing aspect ratio of
wires has made capacitive coupling between two neighboring wires one of the most dominant
sources of interconnect delay and energy. Figure 1.5 shows increase in capacitive crosstalk,
which increases interconnect delay by as much as 300% and also causes delay uncertainties
[1]. Moreover, the variability in interconnect energy and delay, due to deviations from ideal
interconnect shape, shown in Figure 1.6, caused by process variation, degrades interconnect
delay. Further, greater integration, higher frequency, and lower supply voltage, due to scal-
ing, have aggravated interconnect signal integrity issue due to inductive and resistive noise
of the power distribution network. Hence, various levels of interconnect simulation need to

be coupled with design in a bi-directional manner to reduce design cycle time.
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Figure 1.5: Increase in capacitive coupling due to higher aspect ratio [1].
1.2 Potential Interconnect Solutions

Interconnect delay is still the most important factor in digital applications. However, tech-
nology scaling and higher operating frequency increase the importance of capacitive and
inductive coupling effect which dominates interconnect delay, energy, and noise. In addition,
process variations leading to deviations from ideal interconnect shapes influence interconnect
design. To solve these problems many options have been proposed, including alternatives
to the metal/dielectric system. Solutions such as Cu/low-k dielectric, three-dimensional
interconnect structure, short wire architecture, network on-chip (NOC) will help alleviate
interconnect scaling in current and future technologies. The pros and cons of these solutions

are studied next.
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Figure 1.6: Variability in interconnect delay and energy due to process variation. [1].

1.2.1 Newer Materials and Process Enhancements

IBM introduced copper interconnect in its high speed microprocessor; 400 MHz PowerPC
750, to reduce interconnect resistance. Although resistivity of cooper is 40% less than that
of aluminum, the percentage of performance improvement was limited to 15%, for 0.25 um
technology, due to gate delay. However, performance benefits will increase as interconnect
delay dominates critical path. For similar reasons, use of low-k dielectric, using k=2.5, to
reduce interconnect capacitive load, yields a performance improvement of only 25% [17]
compared to the conventional silicon dioxide, which has k=3.9. However, use of Cu and
low-k dielectric reduces interconnect reliability during both fabrication and chip lifetime due
to aggravated thermal issues and low mechanical strength. While, use of Cu-Al alloy and
modification to copper surface, to form CuSiN, can significantly reduce electromigration and

improve reliability these techniques increase interconnect resistance and reduce yield due to



metal shorts or leakage, respectively [18, 1].

Newer materials and process enhancements is probably the only solution that can be
applied, universally, to all IC products. However, such advances usually take many years
and cannot completely alleviate interconnect challenges due to scaling which typically oc-
curs every 18 months. Hence, solutions based on new signaling methods, innovative design
techniques and new architectures are required to extend the conventional metal/dielectric

system.

1.2.2 Novel Design Techniques
Circuit Design Techniques

Many circuit designs have been proposed to limit interconnect delay on critical path. Tech-
niques such as buffer /repeater insertion, wire shaping, wire spacing, low-swing differential
voltage and current sensing have been proposed to reduce interconnect delay and/or power.
However, most of these techniques require additional chip area. Further, repeater insertion
increases power consumption while low-swing differential voltage and current sensing are
highly susceptible to noise, due to reduced noise margins. In addition, adiabatic techniques
based on multiple supply voltage and charge sharing/recycling addresses interconnect power

but increases interconnect delay.

New Architectures

Modular architectures, such as systolic arrays, multi-core architecture, and NOC, that reduce
the need for fixed length lines have becomes popular and address some of the performance
bottleneck due to interconnect. Nevertheless, multi-core architectures used in the design of
modern general purpose microprocessor are limited by the lack of parallel programming in
applications and hence fail to exploit the performance benefits due to availability of multiple
processor cores. In addition, most new architectures are not applicable to all processor de-

signs and are only useful in specific applications, such as pattern recognition, multiprocessor



systems, and arithmetic computation, and are limited by tools and design methodologies

completely different from conventional microprocessors.

3D ICs

Stacking of active devices, using 3D interconnects, reduces the line length and signal propa-
gation delay. Such 3D interconnects could potentially reduce global interconnect delay and
power by reducing wire length. While potential delay and power advantages depends on a
specific 3D implementation, calculations show reductions in global interconnect length by
as much as 50%, resulting in 4x reduction in delay and 2x reduction in energy [19]. Since,
active devices are stacked the die area is also reduced by almost 50%. It is clear that major
improvements are likely possible using 3D interconnect although there are many factors, not
accounted for in a simple 3D IC model that could reduce the performance advantages.
While different approaches to 3D IC integration have been proposed, bonding and align-
ment of two layers of die, wafer thinning, and etching of high density through-silicon vias
(HDTSVs) continue to remain a major problem in the fabrication of 3D ICs. Other major
challenges include models of manufacturing costs and yield, thermal modeling and heat re-
moval, probing and testing for stacked structure, reliability of 3D stacks, standardization of

3D processes, and CAD tools for optimal design [1].

1.2.3 Beyond Metal /Dielectric Systems

Optical Interconnect

Optical cables have been used in the communication industry for long-line cables. Optical
interconnects, proposed to replace metal wires, provide low latency and large bandwidth
because of speed-of-light propagation and the ability to accommodate multiple wavelengths
on a single optical path. This manifold increase in data carrying capacity provides band-
width densities not achievable by electrical means. In addition, crosstalk between signals is

minimized due to minimal interaction between photons and ability for light to propagate in



waveguides or free space. This results in low skew and jitter clock distribution and very high
signal integrity.

The focus of optical interconnect is on cost efficient implementations that take advantage
of the unique properties of optical architectures to increase overall system performance. They
are not expected to totally replace Cu/low-k systems because of pitch constraints, as well
as delay and power considerations. However, the development of CMOS-compatible optical
components is of paramount importance for optical solutions to be viable. However, this area

is not yet sufficiently mature though significant progress has been made in this direction [1].

Carbon Nanotubes (CNT)

CNT are rolls of graphene sheets, which are one atom thick carbon layers. CN'T are consid-
ered a potential solution to improve interconnects performance, energy, and reliability be-
cause of their higher electrical and thermal conductivity, and resistance to electromigration
compared to conventional interconnects. However, CN'T integration faces numerous technical
challenges. The selective growth of metallic single-walled CNT and high density integration
of CNT to achieve desired conductivity, horizontal growth of CNT, developing low resistance
contacts, and to grow CNT at lower temperatures with very low defect density are some of

the important challenges that need to be addressed to realize CNT integration [1].

1.3 Shortcomings of Existing Approaches

Real-world workloads cause traffic that exhibits significant spatial, temporal, and value lo-
cality which impacts interconnect design metrics, such as delay, energy, temperature, and
reliability, which are switching activity dependent. However, almost all existing interconnect
design techniques are developed without an accurate knowledge of traffic characteristics.
Some of the techniques that use average switching activity factor [20, 11] to study inter-

connect design metrics lead to inaccurate design as traffic characteristics are information
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and time dependent. The type of information (data, instruction, or address) being transmit-
ted has a significant impact on switching activity. For example, data traffic is expected to be
more random than either instruction or address traffic as data streams are less predictable
than either instruction or address. In addition, L1 cache hits causing extended periods of idle
cycles on interconnection between L1 and L2 cache can lead to inaccurate energy and temp-
erature estimation which has a significant impact on wire delay and electromigration. Hence,
design techniques that ignore information and time dependence of activity lead to inaccurate
design. Hence, design techniques tuned to information and time dependent activity-factor
are needed for interconnect design.

Existing design technique also ignore the trade-offs between various interconnect design
metrics. For example, increasing space between two interconnect reduces the energy dissi-
pation, by reducing inter-wire coupling capacitance, however they could potentially increase
interconnect wire temperature by increasing thermal resistivity (dielectric between wires is a
poor conductors of heat). Such trade-offs, if not analyzed, leads to more iterations between
high-level design and physical layout which results in increased design time and time to
market. Therefore, optimization framework used in making early-stage design decisions is

required to achieve faster design closure.

1.4 Our Approach and Contributions

Geometrical scaling of CMOS has provided improved cost per function, speed, power, and re-
liability to satisfy Moore’s law over the last few decades. However, due to physical limitation
of CMOS and increased cost of newer technologies, multiple new devices, and new manu-
facturing and design paradigms are required to work in conjunction with geometric scaling
to provide equivalent scaling, to satisfy Moore’s law. In this dissertation we provide novel
interconnect design approach, that exploits the data dependent nature of interconnect design

metric and program characteristics of real-world applications such as SPEC benchmarks.
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1.4.1 Value-Aware Interconnect Design

Existing techniques that target interconnect design metrics, such as delay, energy and temp-
erature reductions, perform well only when information is randomly distributed over time.
However, information transmitted in microprocessors show high degree of correlation across
programs as well as across different phases of a program, due to the presence of temporal,
spatial, and value localities. Temporal locality describes the likelihood that a recently refer-
enced item will be referenced again soon, while spatial locality describes the likelihood that
a close neighbor of a recently referenced item will be referenced soon. Value locality, on the
other hand, refers to the likelihood that a value produced by an instruction is the same as a
value produced by another recently executed instruction.

Program characteristics such as temporal and spatial locality (also known as locality of
reference) has been exploited to improve microprocessor performance using techniques such
as caching, branch prediction, etc., while value locality has been exploited for value prediction
[21], design of value centric cache [22] and register files [23], etc. to improve processor
performance. In addition, knowledge of circuit operations over a variety of benchmarks has
also been critical in the effective implementation of techniques such as clock gating [24],
power gating [25] and register sub-banking [26]. However, almost all interconnect design
techniques perform well only when values transmitted are randomly distributed in time
and do not exploit substantial amounts of temporal, spatial, and value locality in address,
instruction, and data traffic in microprocessor.

The reason for locality in various information traffic are:

1. Address traffic: Instruction addresses issued by the processor to the L1 cache are
typically sequential, except after a branch or jump statement, even then the target
addresses are not typically very far away from the last address. This is the reason
why branch and jump instructions use PC-relative addressing. Also, data addresses
exhibit these localities primarily because data arrays scanned using loops are placed

in contiguous memory locations.
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2. Instruction traffic: Instructions executed by a processor correspond to instruction
addresses and hence instructions exhibit the same temporal and spatial locality as
instruction addresses. In addition, instruction set limits the possible values that could
be transmitted in the stream. Also, not all instructions, opcodes, register operands,
and immediate constants occur equally in a program, leading to more predictability

behavior of instruction stream.

3. Data traffic: Data processed also exhibit temporal and spatial locality, although to
a lesser extent than addresses and instruction traffic. Though one might assume data
value to be random, the magnitude of values communicated and stored in registers and
caches, and/or CAM structures in the processor core are small and often predictable
[27]. This concept of value locality adds redundancies in data traffic. Also, not all data

types (integer, floating point, character, etc.) are equally likely.
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Figure 1.7: The transition activity for each bit on the data bus, including interwire coupling
activity for training and test programs, respectively.

Redundancy in traffic, due to temporal, spatial, and value locality, emphasizes that int-
erconnect design should be based on activity characteristics of different types of information
transmitted during execution of typical applications. Such design can be achieved with the
following steps: (1) Use cycle accurate microarchitecture simulators to execute real-world

applications and profile the information transmitted, (2) identify correlation in traffic and
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their impact on interconnect design metrics, (3) and design techniques that optimizes the
interconnect metrics. To show the high correlation in switching activity, in real-world app-
lications, we plot the transition characteristics of the data bus, between processor and L1
cache, for two sets of programs, selected randomly from SPEC CPU 2000 benchmark. The
likeness of transition activity, between the two sets of programs, shown in Figure 1.7, affirms
that value-aware interconnect design obtained using a representative workload, is likely to
work well for any real application in the same domain due to the similarities in program

characteristics.

1.4.2 Novel Average Delay Minimization Technique

The rate at which signals can be transmitted in a high-speed processor bus is decided based
on the worst-case crosstalk pattern. This pessimistic estimation gives rise to significant per-
formance penalties since the worst case never occurs or occurs with very low frequency in
actual applications. Hence, an adaptive bus design called variable cycle bus (VCB) archi-
tecture that examines incoming data patterns and transmits them using variable number
of clock cycles, improves bus performance significantly. To maximize effectiveness of our
adaptive bus architecture, we develop value-aware encoding techniques that minimize the
occurrence worst-case crosstalk scenarios. Results on SPEC CPU 2000 benchmarks, in a
workload-specific optimization scenario for static signaling and bit-ordering encoding tech-
nique, reduces the number of transmission cycles by 21.24% and 10.90% cycles for data and

instruction traffic.

1.4.3 Enabling Early-Stage Design Exploration

The architecture community is limited by the absence of accurate models to predict the
performance, power and reliability of a system while the accurate models used by the VLSI
community are too complex to be incorporated at design time. One of the objectives of

this dissertation is to bridge this gap by building highly accurate interconnect models that
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capture delay, energy, temperature and reliability to enable more robust early-stage design
exploration. We use these highly accurate models in microarchitectural level simulators
to determine the impact of activity-dependent interconnect design metrics, such as delay,
energy, and temperature. This enables interconnect optimization earlier in design cycle
instead of later, where opportunities for interconnect optimization are limited. Including
interconnect design at an early stage in the design cycle allows more flexibility in design
exploration and empower designers to optimize architectures for performance, power, and

cost.

1.4.4 Multi-Objective Optimization Framework

Most of the interconnect design metrics, such as delay, energy, and temperature, which
depend on data activity can be addressed effectively using value-aware interconnect design.
However, techniques used to address interconnect delay could potentially impact energy, neg-
atively. Similarly, energy efficient techniques could have a negative impact on temperature,
though this statement seems counter intuitive. For example, increasing space between wires
and/or reducing wire width reduce interconnect energy dissipation, yet this could increase
the wire temperature as dielectrics surrounding the wire are poor conductor of heat. Also,
this is true for other energy optimization techniques as peak temperature of the bus de-
pends on energy density rather than the overall energy dissipated. Hence, there is a need
for a unified framework that can analyze various design techniques and their impacts on all

interconnect design metrics.

1.5 Dissertation Outline

This remainder of this dissertation is organized as follows. Next, in Chapter 2, we presents a
survey of interconnect design metrics and techniques, while Chapter 3 provides an overview

of data dependent interconnect models, experimental methodology and simulation infra-
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structure. Next, in Chapter 4, we present the energy-area trade-off of interconnect design
techniques optimized based on traffic characteristics. Following that, in Chapter 5, we
present an integer linear programming (ILP) framework that exploits value characteristics,
to design a static encoding schemes optimized for multiple interconnect design objectives,
such as energy, performance, and temperature. Then, in Chapter 6, we extend the ILP
framework to design dynamic encoding scheme that addresses multiple interconnect objec-
tives. In Chapter 7, we look at the design and impacts of adaptive encoding scheme on
interconnect design metrics. Finally, in Chapter 8, we conclude and present directions for

future work.
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Chapter 2

A Survey of Interconnect Design
Techniques and their Impact on

Design Metrics

As technology scales, operating frequencies get higher, and die size increases, due to increased
integration, the effects of on-chip interconnects has become a limiting factor in overall system
performance. Hence, performance of on-chip interconnects has become increasingly impor-
tant. Though, circuit performance improves with each new chip generation, higher level
of integration brings more and longer wiring onto a chip. Hence, the on-chip wire delay
has become even more significant portions of the total chip delay, than before. Moreover,
interconnect energy, crosstalk, and reliability degrades the performance of circuits. Improve-
ments in technology, circuit design and architectures have been successful in addressing these
limitations, to some extent. However, interconnect continues to be the major bottleneck in
overall system performance.

The metal interconnect is the most elementary component in modern integrated circuit
and has been of interest. Layout and circuit design techniques such as buffer insertion,

and wire shaping/sizing addressed interconnect delay. While other techniques such as bus
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encoding, charge sharing/recycling, adiabatic logic, low swing differential signaling, etc. were
proposed to address other interconnect design metrics, such as energy, temperature, and
reliability, which have come into sharper focus in recent years. Wire aspect-ratio increased to
compensate for decrease in wire resistance, due to narrower wires, has led to taller wires with
more pronounced inter-wire capacitive effect known as capacitive crosstalk or crosstalk which
has become the dominant factor in interconnect design. Techniques such as wire spacing,
shield insertion, and ordering were proposed to specifically address interconnect capacitive
crosstalk, while previous techniques were also extended to address crosstalk. Though most
of these techniques were proposed to address a single interconnect design metric, such as
delay or energy, they have significant impact on other design metrics.

While surveys of energy efficient interconnect design techniques exist [28, 29], in literature,
none of them provide a comprehensive view of all interconnect design techniques their impact
on design metrics. In this chapter we describe various interconnect design techniques, their
advantages and limitation, and how each technique impacts interconnect design metrics.
The first few techniques address interconnects delay, while the remaining techniques address
interconnect energy and/or delay. Though, all the techniques were introduced in the context
of addressing a specific design objective, most have a significant impact on other design
objectives. Table 2.1 provides an overview all the existing techniques and how they impact

design metrics.

2.1 Buffer Insertion

Buffer insertion technique was one of the earliest technique proposed to address interconnect
delay. This circuit design technique places buffer along the length of interconnect to reduce
the quadratic dependence of delay on wire length to a linear dependence [30, 31]. However,
buffer insertion technique addresses interconnect delay at the expense of increased power

consumption. In addition, insertion of repeaters has an area overhead due to placement
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Metrics — Delay | Energy | Temperature Noise EM Area
Techniques |

Wire Spacing cl Cl E|l Crl Ryl Cod T X
Wire Shaping Rl C| Cl E| Crl Ryl Ccol TLwlijl| X
Data Encoding | CJ | CJ N/ E| &y ool | TG
Voltage Swing Vbp?T | Vbpl E] X T| ji X
Current Sensing | VppT Vi E| X Ty 5 X
Current Sharing Vbpd £l %i 7l
Multi-Vpp VppT | Vbp! E} Tl
Multi-Vp Vpl | Vrtl E| T

Buffer Insertion | Vppt X X Ccod gt X
Decoupling cap. % J IR} X

Table 2.1: Summary of interconnect design techniques and their impact on design metrics.
Adverse impact is denoted with an X while favorable impacts are denoted by the variable
and how it is adjusted to improve the design metric. For example, C| under column delay
indicates that a technique reduces line capacitance C to improve delay. The other variables
are line resistance R, thermal resistance Ry, thermal capacitance Cp, current density j,
supply voltage Vpp, threshold voltage Vi, wire width W, resistive noise IR, inductive noise

%, crosstalk Co, and electromigration EM.

of buffers. Algorithms were developed for optimal buffers insertion with or without area
constraints [32]. Optimal buffer insertion algorithms were also developed for RC tree (or
multi-sink topologies) [33, 34, 35, 36]. Nonetheless, these algorithms consider only buffers of
uniform size and do not consider cascading or buffer sizing [37].

Buffer (repeater or inverter) insertion methodology to find optimal repeater placement
and sizing with crosstalk consideration were proposed [38] to overcome functional failures
due to crosstalk noise. Buffer insertion algorithms were also proposed for the RLC inter-
connect model as inductive effect becomes important at very high frequencies [39]. However,
the algorithm for the RLC interconnect does not include capacitive crosstalk which is a
dominating effect in interconnect design. In addition, due to energy performance constraints

newer architectures operating at lower frequency are more widely used, eliminating the need
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Figure 2.1: Inserting buffers adds more source for supplying power to the interconnect and
hence reduces delay. This results in area and energy overhead due to addition inverters.
for complex RLC model.

Buffers layout techniques that interleave buffers of adjoining wires are effective in address-
ing crosstalk by exploiting the data dependent nature of inter-wire crosstalk. The staggering
of repeater effectively limits the worst-case crosstalk by 50% [40]. Another technique, that
uses inverting and non-inverting buffers, was also proposed to exploit the data dependent
nature of crosstalk to limit worst-case crosstalk while reducing buffer area, power, delay, and
placement and delay variation [41]. Buffer circuit techniques such as the SMART buffers
[42], skewed repeater delay [43], also reduce worst-case crosstalk by half.

In the staggered repeater configuration, buffer is placed midway between two buffers in
the adjacent line. This reduces the worst-case delay to only half of the wire. However, wire
delay is not minimized when the buffer is placed at the midway point due to the voltage
transfer characteristics (VTC) of the buffer and propagation delay of the wire. Nonetheless,
for optimal bus delay the buffers are placed at the midway point [44]. Moreover, optimal
buffer placement algorithm have also been used to address other design considerations such

as energy [45, 46] and reliability under process variations [47] while meeting delay constraints.
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Figure 2.2: Staggering buffers limits the worst-case crosstalk data pattern to half the wire
length. This 50% reduction in crosstalk delay improves worst-case wire delay.

{4

2.2  Wire Shaping

Wire sizing or shaping, another technique proposed to address interconnect delay, exploits
the distributed nature of interconnection network, by varying the wire width along the length
of the wire, to minimize Elmore delay. Early work, divided the interconnect network into
small segments and assigned a wire width from one of the possible choices [48, 49] to reduce
interconnect delay. Further, closed form expression for continuous wire sizing were derived
for optimal delay [50, 51]. However, these expressions are limited due to the discrete nature
of design rules. The general minimum delay routing tree is an NP-hard tree, so discrete wire
sizing algorithm have been solved optimally for specific topologies (busses) [48], or using
heuristics [52, 53, 54, 55| for more general topologies.

Further, the wire sizing problem was simultaneously solved with gate sizing (or buffer
insertion) using heuristics to minimize delay [56, 57, 58]. In addition, this problem is solved
heuristically for multiple objectives, using a dynamic programming approach for delay-energy
optimization [34], and a Lagrange relaxation technique for delay-area optimization [59]. The
dynamic programming approach presented for delay-energy optimization was extended to

consider process variations [60], also.
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Figure 2.3: The RC delay model shows that current density is higher near the receiver.
Hence, wire sizing reduces interconnect delay by reducing wire resistance near the driver by
employing wider wires. While, reduction wire width and larger inter wire spacing reduces
interconnect energy.

Nevertheless, most of these algorithms considered simple interconnect structure and do
not account for coupling capacitances, while most algorithms proposed to account for cou-
pling capacitances assume neighboring wires of uniform width [61, 62] or fixed surrounding
[56] to solve the problem, heuristically. Further, wire sizing techniques, which influences wire
capacitance, has a profound impact on interconnect energy, because increasing/decreasing
width impacts wire’s capacitance, and algorithms were proposed to minimize interconnect

energy using heuristics [63] or by considering a limited number of discrete wire widths [64],

as the original problem was considered NP-hard.

2.3 Data Encoding

With increasing device density and greater integration, energy dissipation has become one of
the most important design consideration as it had an unfavorable influence of temperature,
performance and reliability of digital circuits. The dynamic energy dissipated due to switch-

ing activity accounts for a significant portion of the energy dissipated on interconnects and
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the circuit as a whole. So data encoding techniques which transform data from one form to

another, as shown in Figure 2.4, were proposed to address interconnect energy.
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Figure 2.4: Encoding techniques transform the data from one form to another to address
interconnect design metrics.

Prior work on encoding can be broadly classified as:

1. Static encoding schemes, such as gray code, transition signal coding, etc., transform
data, based on traffic characteristics determined at design-time, before transmission to
reduce activity on the bus. These schemes have negligible energy, area and power
overhead due to encoding circuitry compared to dynamic or memory-based encoding

scheme and are particularly effective when bus traffic characteristics are known apriori.

2. Dynamic encoding schemes transmits an N-bit word in any cycle using one of (at
most) 2" encoding modes on the N signal wires and indicates the chosen mode to the
receiver by setting the value of m extra control wires. Such schemes use transmission
metric, like self transition count [65] or coupling transitions [66], to determine how to

transmit data at run-time.

3. Adaptive or Memory-based encoding schemes employs a cache structure to col-
lect traffic characteristics based on history and determine efficient ways to transmit
data. Though it can be safe to assume that encoding overhead for most adaptive en-

coding techniques are greater than a dynamic encoding scheme, increasing interconnect
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length could out weight the advantages of adaptive technique over dynamic or static

encoding schemes.

Though most of the works in data encoding address interconnect energy, earlier work
addresses performance, area and throughput of buses, especially address buses, through the
use of memory-based encoding schemes, such as dynamic base register caching (DBRC) and
bus expander (BE) [67, 68]. These techniques used small compression caches at the sending
end and register files at the receiving end of a processor-to-memory address bus and were
first proposed to reduce off-chip bus widths (area) and pin count. These techniques were
subsequently used in compression of on-chip instruction and data streams [69] to improve
throughput. These compression techniques were also extended to address interconnect delay
[70] and energy [71]. These memory-based encoding were also shown to be relevant in the
context of Network-on-Chip [72, 73]. A perspective for optimizing performance, energy, and
area/cost of these techniques were shown to yield significant improvements for address busses
and are expected to be more pronounced for future technologies [74]. The DBRC was also
extended to improve cost and performance, by exploiting value-characteristics, where partial
matches in cache rather than a complete match were required for compression [75].

Dynamic encoding schemes such as off-set encoding [76], TO encoding [77], working-zone
encoding [78], and irredundant codes [79, 80] was proposed to reduce energy of address buses,
while dynamic encoding schemes, such as bus invert (BI) [65], two-dimensional codes [81] and
bus invert and transition signaling (BITS) [82], which use self transitions as the metric, and
odd even bus invert (OEBI) [66], coupling driven bus invert (CDBI) [83] and coupling based
bus invert (CBBI) [84], which use coupling transitions as the metric, have been proposed
to reduce energy in data and instruction buses. However, most of the techniques for data
and instruction traffic assumes random behavior and yields negligible power savings, for
real world traffic such as SPEC CPU 2006 benchmarks that have high redundancy due
to temporal, spatial, and value locality in a program [27, 85, 86] and correlation between

benchmark programs [87] which are not exploited by the above mentioned schemes.
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Previous value-aware dynamic encoding schemes, show the potential of value-aware de-
sign approach. Techniques like partial bus invert (PBI) [88] and partition hybrid encoding
(PHE) [85], have exploited value aware framework to maximize energy savings by exploiting
correlation in real-world traffic. The PBI scheme presents a greedy approach to select a
sub-set of wire at design time to be encoded using bus-invert, while PHE splits the bus into
disjoint partitions and applies the most energy-efficient dynamic encoding scheme indepen-
dently to each partition, from among a collection of schemes, using dynamic programming.

However, value-aware dynamic schemes designed using a specific training traffic might
increase energy consumption when traffic characteristics differ from the training set. while
memory-based encoding schemes, such as adaptive partial bus invert (APBI) [89], frequent
value caching [90, 91, 92] and directory based encoding schemes [93], in comparison, dy-
namically adapt to changing traffic characteristics. The APBI is an extension of PBI where
a group of bits are selected at run time based on traffic characteristics and encoded using
BI technique. Other memory-based encoding schemes, exploit temporal, spatial and value
locality by caching frequently occurring values have been shown to effectively reduce energy
for instruction [90, 92] and data traffic [91].

Complex (dynamic and memory-based) encoding schemes reduce bus dynamic energy
better than static schemes because they adapt to the traffic. Nonetheless, static encoding
schemes, such as bit ordering, that exploit the traffic characteristics to reduce inter-wire
coupling activity could be as effective as other complex encoding schemes due to relatively
low encoding overhead and low variation in traffic behavior. While bit ordering has been
solved using heuristics [94], the problem was shown to be NP-complete and solved optimally
using an integer linear programming (ILP) approach [95] and was extended to include a
choice of static signaling schemes, such as inverted signaling, transition signaling, etc., where
each bit is encoded using one of the signaling scheme [96]. The ILP formulation of the
problem allows for multi-objective optimization of interconnect design and has been applied

for interconnect energy and temperature optimization using SPEC CPU2K benchmarks [96].
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The approach was also evaluated for energy optimal design of area constrained interconnects
used in embedded systems [97].

While most encoding scheme have been proposed to reduce bus energy, encoding scheme
that exploit data dependent nature of crosstalk have been proposed to improve bus perfor-
mance. Most of these schemes exploit temporal and spatial redundancy to reduce worst-case
crosstalk. Most coding schemes reduce inter-wire crosstalk by 50% [63, 98, 99, 100, 101, 102,
103, 104, 105, 106, 107]. However, simple buffer placement techniques; such as staggered
repeater bus, could reduce the worst-case crosstalk by 50% with very negligible circuit and
area overhead. Other, techniques such as wire spacing and shield insertion, discussed in
the following sections, also eliminate worst-case interconnect crosstalk while improving noise
margin. Comparison between various techniques is unavailable in literature. In addition, it
is important to note that most encoding proposed to eliminate crosstalk have very high area
overhead, due to additional control lines, and might not be as efficient as simpler techniques
such as wire spacing or buffer staggering.

Among all the interconnect design techniques presented in this chapter, data encoding
techniques are most relevant due to their applicability in future interconnect technology,
such as optical interconnect, carbon nanotubes, etc., where circuit and layout techniques,

such as buffer insertion, wire spacing and shield insertion are irrelevant.

2.4 Wire Spacing and Shield Insertion

Wire spacing and shield insertion address interconnect delay and energy by reducing the
worst-case crosstalk. While wire spacing reduces the inter-wire capacitive coupling, shield
insertion eliminates the worst-case crosstalk data-pattern. Shield insertion techniques, si-
multaneously route signal and power lines to improve interconnect delay and signal integrity
[108]. This technique substantially reduces inductive and coupling noise but increases the

area and energy overheads. However, wire spacing technique where space between signal
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wires is increased to reduce inter-wire capacitance has relatively less area overhead com-

pared to shield insertion [109].

(a) Original routing of power and signal lines

(b) Shield insertion alternates power and signal lines
[[] Power/Ground Lines [ ] Signal Wire

Figure 2.5: Alternating signal and power/ground lines eliminates data dependent crosstalk,
provides very high signal integrity and reduces noise. However, there are more signal lines
than power/ground lines and introduction of additional power/ground lines results in area
overhead and routing congestion.

The optimal wire spacing for crosstalk avoidance was solved using sequential quadratic
programming approach [110, 111}, while energy minimization through spacing for address
buses based on traffic characteristics was solved using heuristics [112]. However, wire spacing
problem was shown to be convex and was solved optimally using convex programming [113],
optimally. Wire spacing was also solved simultaneously with bit ordering, a static encoding
technique, using a greedy approach [114, 115] or by approximating the problem objective
[116], to reduce interconnect crosstalk. All these solution provide for continuous wire spacing
solution and do not account for the discrete nature of design rules. Discrete wire spacing
problems, on the other hand, was solved using dynamic programming for optimal energy
and delay objectives.

While all wire spacing problems assume some traffic characteristics at design time, none of
them show that design obtained using certain traffic characteristics will perform reasonably

well when traffic characteristics change.
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Figure 2.6: Increasing spacing between wire reduces the inter-wire coupling capacitance and
improves delay and reduces energy consumption.

2.5 Low Swing or Differential Voltage

Low swing signaling is a bus design technique employed to reduce power dissipation and
drive long interconnects. This technique uses two wires to transmit data differentially across
the length of the wire and detected by a sense amplifier, similar to an SRAM. This technique
increases cost due to the use of two wires instead of one and could use only one clock-phase
due to pre-charging cycle.

To overcome the routing overhead, due to the additional wire, single wire low swing
signaling have been proposed using symmetric driver and level converter (SDLC) [117],
dynamically controlled driver (DCD) [118], low swing bus using charge sharing [119, 120, 121]

or pseudo-differential interconnect [122].

2.6 Current Sensing

Current Sensing, where direction of current on the wire is sensed, is an alternative to low-
swing voltage sensing for long interconnects because time constant (L/R) is independent of
length and limited by device switching speed and time of flight. Hence, current sensing can

mitigate the growing effects of interconnect scaling. However, the technique is susceptible
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to noise due to inductively coupled return currents.

Current sensing circuits were initially presented for SRAM memory design [123, 124, 125]
and later extended to design of high speed interconnect. Current sensing technique when
combined with buffer insertion technique not only improves the noise margin but also reduces
delay and power. However, the current sensed interconnect is not suitable for multi-drop

interconnect design and is susceptible to electromigration and self-heating [126, 127].

2.7 Adiabatic Circuits

Adiabatic circuits implement reversible logic to conserve energy and must meet two condi-
tions: a) never turn on a transistor when there is a potential difference between the gate and
the source and b) never turning off a transistor when current is flowing through it. Some of
the adiabatic circuit families are: 1) Split-Level Charge Recovery Logic (SLCRL) [128], 2)
Efficient Charge Recovery Logic (ECRL) [129], 3) Positive Feedback Adiabatic Logic (PFAL)
[130], and 4) 2N-2N2P [131]. Most of these techniques require continuously changing source
voltage and very long cycle time to achieve zero energy dissipation. However, some of these
principles can be applied in the design of partially adiabatic circuits that meet performance

constraint while reducing energy dissipation.

2.8 Charge Sharing/Recycling

Charge recycling/sharing is based on the principles of adiabatic logic circuits where charge
is transferred from one node to another. These schemes combined with low-voltage swing
interconnect could dramatically reduce interconnect energy while meeting performance con-
straints [119, 121, 132]. More practical charge recovery circuits have been implemented for
buses, consisting of multiple bits lines where charge is transferred from one bit-line to an-
other with minimal losses, thereby reducing energy consumed [133]. This was later extended

to account for energy due to coupling capacitance [134]. In addition, charge recovery scheme
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seemed to yield better results than low-power bus encoding techniques for real-world traffic,

such as mediabench benchmarks [135].

2.9 Decoupling Capacitance

Decoupling capacitors are used as temporary current source and low passes for ac signals to
reduce voltage fluctuations in power delivery systems (PDS) due to simultaneous switching
[136] while improving the performance of the system. However, high leakage current and cost
(due to die area) are a limiting factor in the use of decoupling capacitance. Hence, algorithms
for optimal sizing and placement of decoupling capacitance have been proposed. Optimal
sizing and placement of decoupling capacitance was shown to be a non-linear optimization
and has been solved by approximating the objective to a quadratic programming approach
[137, 138] or linear programming [139]. The problems were also solved using approaches such
as conjugate gradient method [140], and divide and conquer [141]. Charge based decoupling
capacitance estimation have been proposed in the context of noise aware floor-planning

[142, 143).

2.10 Multi-Vpp/Vr technique

The use of buffers to reduce interconnect delay has made supply voltage Vpp and threshold
voltage (V) an important interconnect design parameter. Reducing Vpp has a quadratic
effect on dynamic energy consumption but lowers the speed of CMOS circuits. However, the
drop in buffer speed is slower than power consumption and reducing sub-threshold voltage
Vr at the same rate as Vpp could help meet performance requirements. However, reducing
Vr increases the sub-threshold leakage current (I,rf), exponentially, leading to increased
leakage energy and poor noise immunity. Hence, digital circuits operate using high-Vpp and
low-Vr to meet delay constraints while switching to low-Vpp and high-V7 when timing slack

is available or during idle cycles. Nonetheless, such systems require additional routing space
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for supply lines, causing routing congestion, and extra masks for additional V7, increasing
fabrication cost. In addition, control logic to determine the mode of circuit operation and
voltage regulators to help low-Vpp gate drive a high-Vpp gate negate some of the advantages

of a multi-Vpp/Vp system.

High-V: pMOS Low-V; pMOS High-V: pMOS Low-V: pMOS
High-V: nMOS High-V+ nMOS Low-V: nMOS Low-V: nMOS

Figure 2.7: High threshold voltage (V) reduces leakage energy but increase delay. Dual-Vp
buffers reduce leakage energy when output is high or low with minimal impact on delay.

VAV
WYY
VAV

Figure 2.8: Interconnect design to reduce leakage energy for frequently transmitted pattern
of 1010.

The problems with regard to multi-Vpp/Vp systems have been addressed by assigning a

Vpp and Vp to a gate, from a set of possible options, at design time. This assignment prob-
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lem was solved using a greedy algorithm based on extended clustered voltage scaling [144].
This algorithm was later extended to include gate sizing and solved using an iterative pro-
cedure [145]. The Vpp, Vi, and gate sizing assignment problem was solved simultaneously
using an integer linear programming (ILP) approach [146].

Nonetheless, a major concern for interconnect is the increase in leakage energy in buffers
due to low-Vp. This problem was addressed by the use of dual-Vp inverter that utilizes
a high-Vp nMOS and low-Vp pMOS or vice-versa. These inverters reduced leakage when
output is high (1-state) or low (0O-state), respectively [147]. The dual-Vp inverter is designed
for each individual wire based on the most frequent value transmitted on that wire, thereby
reducing leakage. In addition, this technique could be combined with other techniques that

reduce standby leakage, such as the use of an input vector control.
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Chapter 3

Interconnect Models and Simulation

Methodology

Interconnect analysis applied to performance, power, and reliability considering the effects
due to repeaters, delay and slew at the receiver and the effect of switching due to neighboring
nets can be performed using dynamic circuit simulation, in which specific stimuli are applied
to the circuits and interconnect in question. However, this technique cannot be practically
applied to the millions of transistors on a digital IC. Hence, interconnect analysis is performed
using simpler models which use the three basic electrical characteristics: resistance (R),
capacitance (C) and inductance (L), that depends on interconnect geometry and its position
relative to its surrounding structures. Interconnect parasitic i.e., R, L, C, affect circuit
performance, capacitance adds load to driving gates, resistance, inductance, and capacitance
add signal delay, and inductive and capacitive coupling between interconnect add signal noise.

The distributed-RLC interconnect model, compared to the lumped-RLC model, is the
most accurate approximation of the actual interconnect behavior. Inductive component
starts influencing signal propagation delay and transient response, as circuit switching speed
increases. However, even in nanometer-scale technologies, particularly for global lines that

are longer than 10 mm, it has been shown that the signal response is over-damped when the
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line is modeled using the complex distributed RLC model. This implies that interconnects

can be modeled using simpler capacitive (RC) model, shown in Figure 3.1, without significant

error [148].
N AN
YW N A _L v T -
CoT ClineT TCr CoT I CZI I I
(a) Lumped bus model (b) Distributed bus model

Figure 3.1: The distributed RC model where wire is divided into m equal segments and
. o Rline
Ri=Ry=-=Rp=—"7-

and C) is the load capacitance due to the receiver.

. Rj and C are the driver resistance capacitance respectively,

As technology scales, resistance of interconnect increases exponentially, while that is not
the case with inductance and capacitance. Hence, long on-chip interconnects over a few mm
in length, and having significant resistance, are adequately represented using a distributed-RC
model, instead of the pessimistic lumped-RC model (or m-model) where the total resistance of
each wire segment is lumped into a single resistance R and capacitance C. The distributed-

model is represented as an m-step w-ladder where the resistance and capacitance of each

: C). ‘ .
Line and lme, respectively. The accuracy of the analysis increases as

segment is given by
m increases.

We assume a standard bus model, as shown in Figure 3.2, comprising a sequence of N+2
parallel, minimum-width, identically-dimensioned, coplanar wires (W1, Wy, -+, W1, W)
from left to right, where W7, Ws,--- Wy are N signal lines and W and Wy are two
shield (power or ground) lines, with minimum-permissible spacing between adjacent wires

(65, 122, 86].
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Figure 3.2: A bus consisting of N signal lines, W1, W, --- W and two shield line Wy and
W 1. The shield wires are ground or power line with constant voltage.

3.1 Interconnect Energy Model

3.1.1 Dynamic Energy

A self transition occurs when the bit value of a wire rises (0—1) or falls (1—0), causing
the wire‘s self capacitance of value C'g to charge or discharge, respectively, and dissipate self
energy of amount %CSVI% p» Where Vpp is the supply voltage. Then, the total self energy
dissipated on a wire is given by Equation 3.1, where Ng(i) is the number of self transitions

on ith wire.

Es(i) = 50sVApNs(i) (3.1)

For current and future technologies inter-wire coupling activity between adjacent wires,
has a significant impact on delay, energy and temperature of a wire. The inter-wire coupling
activity can be classified as: (a) no coupling transition occurs when the bit values remains
unchanged or the bit values on both wires rises or falls causing no coupling energy dissipation
(b) a coupling charge or discharge transition occurs when bit value of one wire rises or falls
and the other does not change, causing the coupling capacitance of value Cx between the two

wires to charge or discharge, respectively, and dissipate coupling energy of amount %CC’VZQ) D
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on the first wire; (c) a coupling toggle transition occurs when one wire‘s bit value rises and
the other falls, causing a coupling energy dissipation of CCVI% p on each of the wire.

th

The total coupling energy dissipation on """ wire due to adjacent wire is given by Equa-

tion 3.2, where Nop(i,i+ 1) and Np(i,i+ 1) are the number of coupling charge or discharge

th

transition and coupling toggle transition, respectively, due to self transition on i*"* wire. The

number of no coupling transition, N(i,i 4+ 1), has no affect on coupling energy dissipated,

in the standard bus configuration.

1
Ec(iyi+1) = 5CCVJ%DJ\IC@,@‘ +1) (3.2)

Ne(ii4+1) = Nop(ii+1) 4+ 2 x Np(iyi+ 1) (3.3)

Hence, total dynamic energy dissipated on a wire is given by Equation 3.4 and the total

bus dynamic energy Ep is given by Equation 3.5, where N is the bus width.

Ep(i) = Eg(i) + Ec(i,i — 1) 4+ Eq(i,i+ 1) (3.4)
Ep= )_ E() (3.5)
1<i<N

3.1.2 Leakage Energy

In this section, we will discuss the major sources of static energy and how techniques such
as dual-Vp inverter, and input vector control can be used to minimize leakage.

Buffers are inserted in global interconnects to improve delay. However, the dynamic and
static energy consumption of buffer increases interconnect energy. The current flowing in a
transistor during off-state, known as static current, determines the static energy dissipated
by the interconnect. The three major sources of static current are: (a) subthreshold leakage

current, (b) gate leakage current, and (c) reverse-biased current. Gate leakage and reverse
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biased current are expected to be important in the 45 nm technology and beyond. However,
subthreshold leakage current will continue to dominate leakage current and is influenced
by two major factors: Weak inversion and drain induced barrier lowering (DIBL). The

subthreshold leakage current is given by Equation 3.6 [149].

Ileak = [Oeq(Vgs—Vt)/nk‘T (1 - e_qus/kT> (3.6)

where

1474 kT 2
Iy = poCox <L ff) (7) 61.8,
(&

Vr is the threshold voltage, Cy, is the gate oxide capacitance, pg is the zero bias mobility,
and n is the subthreshold swing coefficient.

Though lowering Vi reduces delay of CMOS inverter, it is apparent that it is not suitable
from the stand point of leakage energy dissipation. Gate sizing used to improve delay of high-
Vr inverter results in higher dynamic power dissipation which negate most of the leakage
energy savings. However, interconnect traffic characteristics indicate that an inverter is in
0-state or 1-state, more often than the other. Hence, a dual Vi inverter, with high-V; pMOS
and low-V7 nMOS;, could be used when O-state occurs more frequently at the inverter output
thereby reducing leakage energy. In addition, the increase in dynamic energy for the dual-Vp
inverter is ten times lower than a high-Vp inverter [147]. Further, dual-Vp inverters could
use an input vector control to reduce standby leakage thereby reducing delay and power due
to sleep transistors.

The leakage energy Ej for an inverter is given by Equation 3.7, where f is clock frequency;,
Np and Ny are number of cycles the output is at zero or one state, respectively, and I, _j.qp
and I,,_joqi is the leakage current of the pMOS and nMOS, respectively. The type of dual

inverter chosen determines the leakage current for the pMOS and nMOS. A high-V; pMOS
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is chosen, for the dual-Vp inverter, if the ratio of Ny/Ny > 1, where the mobility of pMOS
and nMOS are assumed to be equal. It should also be noted that an increase in the wire self
capacitance is sufficient to capture the increased dynamic energy dissipation due to dual-Vp

inverter.

(NOIp—leak + Nl]n—leak)

Ep = 7 VbD (3.7)

3.2 Interconnect Thermal Model

The thermal model uses the analogy between thermal and electrical quantities where the
temperature of a wire corresponds to the voltage and heat transfer rate to current [86]. The
wire’s ability to retain heat is modeled by its thermal capacitance and the ability of the
surrounding dielectric to conduct heat away from the wire segment is modeled as thermal
resistance. These thermal circuit parameters are brought together to form a thermal-RC
network, shown in Figure 3.3, for a 5-wire bus.

By using Kirchhoff’s current law in electrical circuits in the thermal equivalent circuit,
we equate the rate of current flowing into a node to the rate of heat flowing out, to obtain
Equation 3.8 and Equation 3.9, where P, is the instantaneous power dissipated in the ith wire,
Pi/ is the equivalent power due to the effect of switching activity in lower metal layers and
the substrate, and 6., is the ambient temperature (45 °C or 318.15 °K). The instantaneous
or cycle-by-cycle power P; can be obtained by dividing the energy FE(i) by the clock cycle
time. However, in our micro-architectural simulations, we record the energy F(7) for a finite
interval and then divide it by the duration of the time interval (or length of the trace L) to

obtain the power dissipated.
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Figure 3.3: Complete equivalent thermal-RC network for a 5-wire bus. P{ = Py = ... = P},
Ri=Ry=...=R;5,C;=Cy=...=C5,and Py, Py, ..., P5 are bus-activity dependent in
the model shown [86].

For the middle wires:

do; N (6; — 6o) N (20, — 0;,_1 — 0;11)

P+ P =Ci-—' 3.8
(A Lot R; Rinter 7 ( )
and for the two edge wires:
do; 0;, — 6 0; — 0;
P —c. P Oizb) i b)) (3.9)

% Ri Rinter

In the above equations, the thermal capacitance (C;), inter-layer thermal resistance (R;)
and inter-wire thermal resistance (R;,ter) Of the bus are determined using wire geometry,

inter-layer dielectric constant (k;;;) and inter-metal dielectric (k;,,q) specified by the ITRS

1].
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T,: Ambient temperature

Figure 3.4: Steady state thermal equivalent circuit for three wires. Heat transfer between
wires is modeled by Rj,er and heat loss to surroundings by Ry,. FP; represents power
dissipated in each wire due to switching activity and it can found using a microarchitecture-
level simulator [86].

For the middle wires:

0;i = Oump  Oit1 —0;i  0i—1— 0

P = ) (3.10
' Ryp, Rinter Rinter )
and for the two edge wires:
0; — 0 0; — 0;
p o= amb 4+ 2 z:l:l) (3.11
' Ryp, Rinter )

Equation 3.8 can be solved to determine 6;. However, due to its complexity we use
an approximate version of the thermal model, known as steady-state thermal model [86],
in the temperature optimization methodology. The thermal equations for the steady-state
model, shown in Figure 3.4, are given by Equation 3.10 and Equation 3.11 which is solved
to obtain wire temperature 6;, given by Equation 3.12. Thus, we find that the temperature
rise (A0; = 0; — 0,,,p) in the middle wire is proportional to a weighted sum of the power

dissipated in itself and in its neighboring wires.
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0; = (Pi—1+ Piy1) - a+ P - (a+ B) + Oymp, (3.12)

2
B g Daflinier

where ¢ = ——*+—— .
3Rth + Rinter 3Rth + Rinter

3.3 Interconnect Delay and Crosstalk-Noise Model

In high-performance processor buses, inter-wire capacitive crosstalk is the primary factor that
affects the propagation delay of interconnects. The data dependent nature of the inter-wire
crosstalk necessitates pessimistic worst-case design of bus cycle time, which incurs significant
performance penalty as worst-case arises least frequently in actual applications. Hence,
activity-aware techniques can significantly reduce the frequency of worst case crosstalk and

improve bus performance by using variable cycle bus transmission.

Crosstalk mode | k — 1, k, k + 1 | Delay factor (gg)
mode-0 ST 14-0r
mode-1 T, - 1+1r
mode-2 5 14+2r
mode-2 — T, - 142r
mode-3 -4 1+3r
mode-/ Ll 14+4r

Table 3.1: Bus crosstalk conditions and models for a rising transition in the middle (victim)
wire.

The inter-wire capacitance between victim wire and its two adjacent wires dominate the
interconnect delay due to capacitive crosstalk. Hence, the simple three-wire interconnect
model is more widely used than the more accurate five wire model where the inter-wire
capacitance between the victim wire and the two immediate neighboring wires on each side
are considered. The five different cross-talk conditions for the three wire interconnect model
are presented in Table 3.1, where the coupling ratio r is the ratio of the coupling capacitance

C¢ and the line capacitance C'g. The coupling ratio for various nanometer technologies are
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shown in Table 3.3.

3.4 Other Interconnect Design Metrics

3.4.1 Power Distribution Noise: Inductive and Resistive

Inductive (L - di/dt) noise is caused by variations in current across the inductive component
of power supply network. As the amount of current drawn fluctuates, the supply voltage
fluctuates (rings) proportionally, since V' = L - di/dt, where V is the supply voltage and i
is the current drawn. If this fluctuation exceeds the design noise margins of the supply rail,
reliability cannot be ensured. Inductive noise in power distribution is becoming increasingly
important with increasing integration and clock frequency. In addition, the resistive noise
due to IR drop caused by technology scaling aggravates power distribution noise. As, voltage
continues to scale these sources of noise become more critical due to reduced noise margins.
Interconnect design techniques, such as data encoding, wire spacing, and shield insertion
are effective ways to improving interconnect signal integrity. While data encoding limits
the current drawn by limiting the number of transitions on a wire, wire spacing reduces the
current drawn by reducing the effective capacitance of the signal wires. On the other hand,
shielding reduces the inductive effect by providing closer return path for the current in the

signal wire [109].

3.4.2 Interconnect Reliability: Electromigration

Electromigration failure is a major problem in nanometer scale technology. The mean time
to failure MTTFEF = ij_"eQ/ kT where A is a constant, j is the current density, k is
the Boltzmann constant, () is the activation energy, w is the wire width, and T is the
absolute temperature [150]. Hence, reliability, due to electromigration, decreases for narrow
wires, increased current density, and wire temperature. The ILP framework proposed in this

document is used to design encoding schemes that lower peak temperature, which reduces
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all stress related breakdowns, including failures due to electromigration.

3.5 Simulation Methodology

In this section we describe our experimental setup and the different optimization scenarios

under which value-aware schemes are tested.

3.5.1 Experimental Setup

We used the SimpleScalar/Alpha microarchitecture-level simulator to design and evaluate
our technique [151]. The Alpha 21264 architecture modeled by this simulator uses a 64-bit
(load/store) data bus between the processor and L1 data cache and a 128-bit instruction
bus (fetch width = 4) between the processor and L1 instruction cache. All results reported
are for the 32 nm technology node (R = 3.81). We used Little-Endian Alpha executables
of all 26 benchmarks (12 integer programs and 14 floating-point programs) in the SPEC
CPU2000 suite with the ref input set and ran our simulations on a shared Linux clus-
ter. We considered bus traffic data corresponding to two representative, non-overlapping
100 M instruction-execution samples based on the SimPoint methodology: a primary sam-
ple (which is the standard single-simulation point [152]) and a secondary sample (which is
the early single-simulation point [153]). We selected the SPEC suite as our target work-
load since pre-compiled Little-Endian executable for our target platform (Alpha 21264) were
readily available for it from the SimpleScalar Web site [154]. However, our optimization

methodologies are equally applicable to other applications and benchmark suites.

3.5.2 Optimization Scenarios

We also consider three different optimization scenarios with increasing degrees of customiza-
tion to test our techniques. (1) General-purpose optimization: In this case, aggregated traffic

transition statistics from the primary samples of thirteen training benchmarks (chosen arbi-
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trarily to be the set: six integer programs and seven floating-point programs), and then the
optimized scheme is tested individually on the secondary traffic samples of the remaining
test benchmarks. (2) Workload-specific optimization: Here, the aggregated traffic transition
statistics from the primary samples of all benchmarks were used for optimization, and then
tested individually on the secondary traffic samples of the same 15 benchmarks. (3) Program-
specific optimization: Finally, in this case, for each of the benchmarks, the optimized scheme
based on the transition statistics from the primary traffic sample of the benchmark is then
tested individually on the secondary traffic sample of the same benchmark. While the first
optimization is more relevant in a general-purpose processor design scenario, the latter two
are more suitable for particular application domains or embedded systems.

Table 3.2 shows the SPEC CPU benchmarks used for training and testing in the efficacy
of our value aware schemes. The abbreviations used in our plots are listed in parenthesis.
Though some programs had multiple input files we choose the input files for which single
simulation point and early single simulation point were available. The simulation points listed
in the table indicated the number of instructions (in 100 million) skipped before SimpleScalar

simulation was started.

3.5.3 Technology Parameters

The ITRS roadmap provides wire dimensions, interlevel dielectric constant and other int-
erconnect related parameters for current and future technologies. Hence, to estimate the
coupling capacitances between adjacent wires, self capacitance and resistance of a wire we
used interconnect model used in predictive technology mode [155]. Using the wire geometry
parameters from ITRS (see Table 3.3 for values) we extracted values of self and all coupling

capacitances for the middle wire using a 3-wire bus model.
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Training Benchmarks
SimPoint Early SimPoint

Benchmark 1 Input File |, 5160 ition) | (in 100 million)
gzip graphics 653 3
vpr route 476 71
gce 200 736 199
mcf ref 553 316
crafty (craft) ref e 0
parser (par) ref 1146 16
wupwise (wup) ref 3237 584
swim ref 2079 5
mgrid (grid) ref 3292 6
applu (app) ref 2179 18
mesa ref 1135 89
galgel (gal) ref 2491 3150
art 110 340 67

Test Benchmarks
SimPoint Early SimPoint

Benchmark 1 Input File |5 5160 ition) | (in 100 million)
eon rushmeier 403 18
perlbmk (perl) | makerand 11 1
gap ref 674 2094
vortex (vort) two 1024 57
bzip2 (bzip) graphic 718 51
twolf (wolf) ref 1066 31
equake (quak) ref 812 194
facerec (face) ref 375 136
ammp (amm) ref 108 2130
lucas (luc) ref 545 35
fma3d (fma) ref 2541 298
sixtrack (six) ref 3043 82
apsi ref 3408 46

Table 3.2: The input file used for running the program, and the number of instructions (in
100 million) skipped before full system simulation starts are listed in the table. The number
of instructions skipped is based on single simulation point or SimPoint methodology.
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Year 2010 | 2012 | 2015 | 1018
MPU metal 1 pitch (nm) 45 | 31.82 | 21.24 | 15.02
Number of metal layers 12 12 13 14
Global wire pitch (nm) 240 | 158 | 106 72
Global wire thickness (nm) 280 | 185 | 124 84
Inter-level dielectric thickness (nm) | 240 | 158 | 106 72
Inter-level dielectric constant (e) 2.3 2.3 2.1 1.9
Self capacitance Cg (fF/mm) 20.39 | 20.39 | 18.62 | 16.85
Coupling capacitance Cx (fF/mm) | 63.70 | 63.89 | 58.29 | 52.62
Wire resistance (K§2/mm) 0.66 | 1.51 | 3.35 | 7.28
Coupling ratio (C/Clg) 312 | 3.13 | 3.13 | 3.12

Table 3.3: Technology Parameters: Wire capacitance and resistance computed using
predictive technology model [155] using wire dimensions dielectric constants projected by
ITRS [1]. We assume that the inter-level dielectric thickness is equal to the minimum pitch
of the global wire.
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Chapter 4

Value-Aware Interconnect Energy

Optimization under Area Constraints

4.1 Introduction

Efforts to reduce energy dissipation, particularly in long global address, instruction, and data
buses, is becoming increasingly important in nanometer-scale technologies as interconnects
continue to aggravate performance, power, and cost concerns. More than 50% of the total
dynamic power dissipation in a processor is due to interconnects and this is expected to
rise to 65%-80% over the next several years based on optimistic interconnect scaling [7].
Increased energy/power dissipation also has an adverse effect on the temperature, reliability,
performance, and cost of digital ICs. With technology scaling, the aspect ratio of global
interconnects has been gradually increased to check growing resistance and delay of wires
relative to those of transistors. However, this causes coupling capacitance between adjacent
bus lines to become more pronounced. In current microprocessors, global wires/lines are
reported to contribute about 34% of total interconnect power dissipation [7]. Solutions like
introduction of low-k dielectrics between global interconnects layers can reduce coupling

capacitance to some degree but are not sufficient. Further, introduction of low-k dielectrics
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aggravates the problem of wire self-heating [11].

Interconnect design techniques such as bus encoding and wire spacing are widely used
to address interconnect energy concerns. Bus encoding is a widely-used approach exploiting
the data-dependent nature of bus dynamic energy dissipation in which data is transmit-
ted in an encoded form to save energy. Most existing low-power bus encoding schemes
(65, 83, 82, 66, 156], which typically save energy by fully or partly inverting bus data op-
portunistically in selected cycles require additional control lines to transmit encoded data.
In contrast to bus encoding, wire spacing reduces the total inter-wire coupling capacitance
by increasing the space between two wires, beyond the minimum required inter-wire spac-
ing. Since, energy dissipated due to coupling capacitance accounts for nearly 80% of the
overall interconnect dynamic energy, wire spacing is an effective technique to reduce energy.
However, both interconnect design techniques need additional area overhead to address inter-
connect energy. In addition, both techniques are oblivious to the spatial, temporal and value
locality, exhibited by real world programs, such as SPEC CPU 2000 benchmarks [86, 85] and
are effective only for random or worse-case (highly-changing) traffic. Moreover, for realistic
correlated data streams and, especially, wide (e.g., 64-bit or more) buses, data encoding
schemes do not provide appreciable benefits since energy-saving encoding modes are not
triggered frequently [86, 85].

Value-aware bus encoding techniques such as partitioned hybrid encoding (PHE) [85],
partial bus invert (PBI) [88] were proposed to exploit value characteristics in programs.
However, PBI exploits value characteristics only heuristically and considers the impact of
self energy, only. While PHE splits the bus into disjoint partitions and applies most energy-
efficient encoding scheme from among a collection of schemes to each partition, indepen-
dently. However, the dynamic programming formulation for the energy-optimal PHE does
not limit the area overhead due to additional control lines. On the other hand, value aware
wire spacing algorithm, previously presented, based on convex programming [113] is lim-

ited by the discrete nature of design rules, while the dynamic programming approach (DP)
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presented for value-aware discrete wire spacing [157] can consider only a limited number
of spacing due to time complexity of the formulation. Additionally, previous work in wire
spacing failed to show that value-aware wire spacing solution, based on certain value charac-
teristics, can work effectively as traffic patterns change during program execution and across

different programs.

4.1.1 Key Contributions and Results

We show the efficacy of value-aware design by exploiting traffic characteristics in the design
of two widely used interconnect techniques (bus encoding and wire spacing) to minimize
interconnect energy. Also, we study the trade-off between energy and area overhead for bus
encoding, due to additional control lines, and wire spacing, due increased inter-wire spacing
between wires.

In contrast to previous bus encoding techniques, our proposed partitioned hybrid encod-
ing (PHE) technique, splits the bus into disjoint partitions and the most most energy-efficient
encoding scheme from among a collection of schemes—we consider bus invert (BI) [65], odd/
even bus invert (OEBI) [66], and not encoding as the possible options, but any other col-
lection of schemes can be considered—is independently applied to each partition for a given
control line overhead. Also, we propose an energy optimal greedy algorithm based on convex
programming, that provides an energy-optimal discrete wire spacing solution with improved
run-time and whose complexity is independent of the number of spacing solutions spacing
options considered between any two wires.

The effectiveness of value-aware solution depends on substantial correlation in switching
characteristics across program execution and withing different execution regions of a pro-
gram. To study the impact of value-aware design techniques, under different optimization
scenarios, we collected traffic characteristics for data and instruction buses during the ex-
ecution of real-world programs, represented by SPEC benchmarks, on SimpleScalar/Alpha

microarchitectural simulator. PHE and value-aware wire spacing (VAWS) techniques were
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optimized for a set of programs (training benchmarks) and applied to a different set of
programs (test benchmarks), known as general-purpose optimization, to obtain energy sav-
ings of 21.41%/18.89% and 29.55%/24.22%, respectively, for data/instruction bus. The
effectiveness of these techniques improves with increasing degrees of customization (suitable
for particular application domains or embedded systems) to obtain average bus energy of
21.54%/23.77% and 29.32%/24.88% for workload-specific optimization and 25.43% /28.64%
and 30.59%/26.63% for program specific optimization of PHE and VAWS, respectively, for
data/instruction buses. To our knowledge this is the first attempt to compare the energy-area
trade-off of these two value aware interconnect design techniques.

Next, in Section 4.2, we present the bus energy model followed by related work in Sec-
tion 4.3. Then, in Section 4.4, we present DP formulation for PHE, given a control line
overhead. This is followed by our energy-optimal VAWS algorithm, in Section 4.5. This is
followed by a discussion of results in Section 4.6.1 and Section 4.6.2 for PHE and VAWS,

respectively. Finally, we conclude in Section 4.7.

4.2 Bus Model

We assume a standard model of a bus comprising a sequence of N + 2 parallel, minimum-
width, identically-dimensioned, coplanar wires (W1, Wy, ..., Wy, Wp) from left to right,
where Wy, Wa, ..., Wy are N signal lines and Wy and Wy, are two shield (power/ground)
lines, with minimum-permissible spacing between adjacent wires [65, 66, 86]. The bus is
assumed to use static logic; therefore, it retains a previously-transmitted value until a dif-
ferent one is transmitted. It should be noted, however, that the technique proposed in this
paper is equally applicable when dynamic logic is used. The dynamic energy dissipated when
an N-bit word is transmitted on the bus in a clock cycle depends upon self and coupling
transitions. A self transition occurs when the bit value of a wire rises (0 — 1) or falls

(1 — 0), causing the wire’s self capacitance of value Cg to charge or discharge, respectively,
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and dissipate self energy of amount %C’ SVZ% p»> Where Vpp is the supply voltage. For a pair of
adjacent wires: (a) a coupling charge or discharge transition occurs when the bit value of one
wire does not change and that of the other rises or falls, causing the coupling capacitance of
value C between the two wires to charge or discharge , respectively, and dissipate coupling
energy of amount %CCVI% D (b) a coupling toggle transition occurs when one wire’s bit value
rises and the other’s falls, causing a coupling energy dissipation of QCCVI% D

The total bus dynamic energy dissipation in a cycle is therefore %CSVL% plNs + R -
(Nocyp + 4 - Np)], where Ng, Noyp, and Np denote the total number of self, coupling
charge + coupling discharge, and coupling toggle transitions, respectively, in that cycle and
R= % is referred to as the coupling ratio. In current and future nanometer-scale technology
nodes, both self and coupling energies are important, although coupling effects are becoming
increasingly more pronounced, e.g., R = 2.082 for the 130 nm technology node, 2.344 for
90 nm, 2.729 for 65 nm, and 3.051 for 45 nm based on ITRS technology and wire geometry

parameters for global interconnects routed in the topmost metal layer [86, 1].

4.3 Related Work

4.3.1 Dynamic Bus Encoding

A number of low-power dynamic bus encoding schemes have been developed. These include
schemes, such as bus invert (BI) [65], partial bus invert (PBI) [88], and narrow bus invert
(NBI) [82], that seek to reduce self energy (by reducing the average value of Ng) and schemes,
such as odd/even bus invert (OEBI) [66], coupling driven bus invert [83], and coupling-
based bus invert [156], that attempt to reduce coupling energy (by lowering the average
value of Noyp +4 - Np). In general, a dynamic bus encoding scheme transmits an N-bit
word in any cycle using one of (at most) 2™ encoding modes on the N signal wires and
indicates the chosen mode to the receiver by setting the value of m extra control wires

Wem—1.Wem—2,.- -, We1, We o). In Bl the encoding modes are: (1) ORG: the original
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word as is (W, o = 0) and (2) INV: all bits inverted (W, = 1). In OEBI, apart from ORG
(WeoWe1 = 00) and INV (W, gW,.1 = 11), there are two more encoding modes: (3) EVENI:
even bits (i.e., those at even-numbered positions in the word) inverted, rest unchanged
(WeoWe1 = 01) and (4) ODDI: odd bits inverted, rest unchanged (W, oW, 1 = 10).

At the beginning of a cycle, dynamic encoding schemes evaluate a bus energy metric for
each encoding mode they support by comparing the current value (for both signal and control
wires) on the bus with the new bit pattern to be transmitted, and then choose the mode that
minimizes the metric. In BI, the metric is self activity (Ng), and so it attempts to reduce
self energy by choosing the mode (ORG or INV) that will minimize Ng in a cycle. In OEBI,
the metric is coupling activity (Noyp+4N7), and so it attempts to reduce coupling energy.
When the encoding mode used in a cycle differs from that used for the last transmitted value,
the bus transition activity is altered relative to that in the original traffic, and this signifies
that an energy-metric-saving mode has been triggered. This, however, does not necessarily
mean bus energy is saved if the metric is different from Ng + R- (Noyp +4 - Np), which is
true for all previous schemes [65, 88, 82, 66, 83, 156].

Thus, in a dynamic encoding scheme, there are three sequential steps processed in hard-
ware at the beginning of every cycle before a word is transmitted: (1) generation of bit
patterns for all encoding modes supported, (2) energy metric calculation for these bit pat-
terns, and (3) comparison and selection of the best bit pattern based on the energy metric
and the setting of control wire(s) appropriately. This adds to the overall bus latency: the
number of logic levels required for these steps is O(N + m) to O(logs(N + m)) depending
upon the hardware topologies (linear or tree, respectively) used for counting (to determine
Ng, Noy p, and Np), metric calculation (e.g., Noy p +4N7), and comparison (to select the
best encoding option).

Among previous schemes, only PBI and PHE bus ecnoding schemes account for value
characteristics of the data stream. PBI uses a greedy algorithm to select a subset of, possibly

non-contiguous, bus lines and applies BI to it, while the other bus lines remain uncoded.
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However, since it uses a heuristic approach, PBI does not fully maximize the frequency of
energy-metric-saving modes for BI over the entire bus, and it also does not take into account
coupling energy while selecting the BI subset. In contrast, partition hybrid encoding (PHE)
[85], splits the bus into disjoint partitions and the most energy-efficient encoding scheme
from among a collection of schemes—we consider bus invert (BI) [65], odd/even bus invert
(OEBI) [66], and not encoding as the possible options, but any other collection of schemes
can be considered—is independently applied to each partition. However, PHE does not
limit the maximum number of control lines, which can result in high area overhead. A new
DP formulation, presented in Section 4.4, allows us to analyze the trade-off between energy
savings and area overhead due to control lines. All other encoding schemes mentioned above
were designed for random traffic and/or for narrow buses (8 or 16 bits). As such, they
were shown to provide insignificant power savings for wide (64 bit or more) microprocessor
buses and correlated traffic, like those found in SPEC CPU2000 benchmarks [86]. This can
be attributed to the low frequency with which energy-saving modes were triggered in these

schemes.

4.3.2 Wire Spacing

In contrast to bus encoding, wire spacing increase space between wires to reduce (coupling)
energy. A number of techniques wire spacing techniques were proposed to minimize delay
[158, 159, 160, 161], energy [112, 114, 116], or both [113, 157]. While most of the previous
techniques do not solve the problem optimally, the dynamic programming approach [157]
solves the problem optimally but has a higher time complexity as it does not exploit the
convex nature of the optimization problem. While, the convex programming technique [113]
proposed solves wire spacing optimally, but does not account for the discrete nature of wire
spacing imposed by design rules. Another major drawback of previous work is the lack of
evidence that solutions obtained will work consistently better than uniform wire spacing as

workload changes.
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In contrast to previous work, the proposed technique produces an energy-optimal wire
spacing, under area and discrete spacing constraints. In addition, the time complexity of
the greedy approach presented is ©(N log(/V)), where N is the number of wires considered
in the optimization, which is significantly better than the dynamic programming approach
[157] despite handling multiple spacing options between wires. The time complexity of the

dynamic programming approach is p2 N3 log(N), where p is the number of spacing options.

4.4 Partitioned Hybrid Encoding (PHE)

As we will see in Section 4.6.1, BI and OEBI provide only marginal energy savings on
wide buses with correlated traffic; hence, we propose a partitioned hybrid encoding (PHE)
technique to optimally partition a bus and apply the most energy-efficient encoding scheme
independently to each partition based on traffic value characteristics to minimize total bus
dynamic energy. Since PHE is optimized based on traffic value characteristics of one or more
programs, its effectiveness on a different program will depend upon how similar their traffic
characteristics are. To ascertain this, we first determined the energy dissipated in different
bus partitions using the three encoding options we consider in PHE: BI, OEBI, and ORG
(i.e., uncoded) across various SPEC CPU2k benchmarks. Then we aggregated bus partition
energies for 13 training benchmarks and compared them to the corresponding bus partition
energies for remaining benchmarks individually. We found the average correlation between
bus partition energies of test benchmarks and aggregated bus partition energies of training
benchmarks to be 0.9691/0.9959, 0.9659/0.9958, 0.9700/0.9958 for data/instruction buses
for encoding options ORG, BI, and OEBI, respectively. Since the correlation is very close to
the ideal value of 1, PHE optimized on one set of benchmarks would indeed be expected to

work well on a different set of benchmarks, which is what we find and report in Section 4.6.1.
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4.4.1 Bus Partitioning with Isolation Wires

To determine the complete energy of a partitioned bus, we need to calculate the coupling
energy between adjacent partitions. In this case, we would need to calculate the coupling
activity between the neighboring edge wires (leftmost or rightmost wires) of adjacent par-
titions. The activities of neighboring edge wires of adjacent partitions depend not only on
the encoding scheme of the adjacent partitions, but also on the width of those partitions.
Hence, the complexity of collecting bus partition energies for a trace containing P N-bit
words and a total of s encoding schemes and K encoding modes is @(32]\7 3P+ K 2P); this
bus partition energy data is needed to optimize PHE.

In order to reduce the complexity of energy data collection to ©(sN 2P+ K 2P), we
designate the signal wires bracketing a partition on its left and right as isolation wires.
An isolation wire always transmits its bit values in the original uncoded form and is not a
part of any encoded partition. Wires Wy and Wy, 1, which are power/ground lines, are by
definition isolation wires. Hence, if partition Wy , (comprising signal wires W, through W,
and any associated control wires) is encoded using encoding scheme k and is a part of the
final PHE solution, then wires W, _1 and Wy, ;1 are isolation wires that transmit data in the
original form. By using adjacent wires as isolation wires, the coupling energy between the
edge wires of the partition and the adjacent isolation wire can be calculated independent of
adjacent partitions.

When BI or OEBI is applied to a bus partition, the placement of control line(s) within the
partition affects bus partition energy; in the case of OEBI, which considers coupling activity,
it also affects encoding decisions. Hence, we considered several control line placement options
for BI and OEBI, although in every case control lines are placed between the isolation wires
bracketing a partition and signal wires within it. In BI, the single control line is placed either
on the LSB or the MSB side of the partition. In the case of OEBI, the two control lines can

be placed in six different ways on the two sides of the partition.
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4.4.2 Dynamic Programming Based Optimization of PHE

Let E]]c\/[ (z,y), v <y, denote the energy dissipated in a bus partition Wy, when an encoding
scheme k with M control lines is applied to the partition; this energy includes all the self en-
ergy dissipated on wires W through Wy, (and on any associated control wires), the coupling
energies due to inter-wire capacitances within the partition and the coupling energies due
to inter-wire capacitances between isolation wires W,_1 and Wy 41 and wires within W...,,.
Also, let E]Jf\/[(m,y) = 0, when z > y. In addition, define £ (r,y) = min E]]fw(x,y)
Yk, M<m

(i.e., it is the energy dissipation of Wy , with the best encoding option).

We now outline our dynamic-programming (DP) based approach to optimizing PHE.
Denote by Wy.., 1 < 2 <y < N, an energy-optimal partitioned hybrid encoding of the
signal-wire set comprising signal wires Wy through Wy given that W,_1 and W, are
isolation wires. Therefore, the overall problem is to determine Wj...y, i.e., the optimal
way to apply PHE to the entire bus—recall that Wy and Wy, are isolation wires by
definition. Let Eg;t(x, y) denote the energy of Wi...,, when m is control lines allowed are
used, this includes all the self energy dissipated on wires W, through Wy, (and on any control
wires associated with bus partitions within W;...y), the coupling energies due to inter-wire
capacitances within Wy...;, the coupling energies due to inter-wire capacitances between
isolation wires W1 and Wy, 1 and wires within W...,;.

First, as mentioned earlier, for some training traffic, we collect energy dissipation data
for all possible ©(N 2) bus partitions Wy, 1 < 2 <y < N, for all encoding options under
consideration (ORG and two BI and six OEBI variations based on control line placement)

and determine the corresponding £,

(z,y). Let Wy_1, Wy, and Wy, 11, 2 < z <y, be three
isolation wires for an optimal partitioning of the bus. Then, at least for some W...,, W,
must be an isolation wire. If not, then bus partitioning with isolation wires W, 1, Wy.1,
and some wire W, x < 2 < y and 2’ # z, would lower bus energy, thus leading to a

contradiction. Hence, the problem of optimal partitioned encoding of a bus with isolation

wires has an optimal substructure, which suggests that DP might be suitable for it.
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0, x>y

Egpi(z,y) = xglzigy( min (€, 9), [Bp i (2,2 = 1) + Bs(2) + By P (2 + 1,y)]), ©<y
0<p<m

(4.1)

The PHE problem was shown to have optimal substructure and can was solved using DP
[85]. We reformulated the DP, as shown in Equation 4.1 to limit the maximum number of
control lines employed. Limiting the number of control lines increased the complexity of the
DP algorithm from ©(N?) to ©(m - N?), where m is the maximum number of control lines

allowed.

4.5 Value-Aware Discrete Wire Spacing

In this section, we present our energy optimal value aware discrete wire spacing algorithm.

This algorithm exploits convex nature of the problem to present an energy optimal solution.

4.5.1 Energy Optimal Wire Spacing

Value-aware wire spacing algorithm previously proposed [113], exploit the convex nature
of the problem. However, the algorithm relies on placing a single line optimally from its
neighboring wires, which results poor convergence towards the optimal solution. Since,
wire spacing addresses only coupling energy (E.), the problem is formulated as shown in
Equation 4.2, where s; is the inter-wire spacing and z; is the coupling activity between wires
W; and W, 1, and A is the constant that captures interconnect length, width, distance from
the ground plane, and other technology and design parameters, such as supply voltage, clock
frequency, metal resistivity and dielectric permittivity which influence interconnect energy.
In the optimization problem with N wires and 2 shield lines there are N + 1 inter-wire space.
Equation 4.3 limits the maximum space available for energy optimization. Therefore, there

are [N variables in the problem. The minimum spacing design constraint in Equation 4.4

57



ensures that all wires meet the minimum delay constraint for a design.

Minimize
N .
E.=A. = 4.2
—ayh (12
1=0
subject to:
N
» si=D (4.3)
1=0
Si 2 Smin, Vi (4.4)
Differentiating the objective in Equation 4.2 w.r.t. N variables (sg, s1, -+ ,Sy_1), We get
T P fhf\ Ay (4.5)
S5 s1 SN

— 5 = ,/%, Vi, (4.6)

where v is a constant. Substituting Equation 4.6 in Equation 4.3 we obtain:

N 2
. (Zi:l v ;)
V= (4.7)
D
Since, z; and D are constants, the wire spacing between each wire can be calculated in
O(N). To ensure that the minimum spacing constraint, in Equation 4.4, is met we assign
S;i = Smin, VS; < Spin- Then, we re-solve the problem, after dropping all variables for which

s; was less than S),,;,,, until minimum spacing constraints are met. This convex programming

approach has a faster convergence for optimal wire spacing than previous solution [113], as
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it provides a closed form solution.

4.5.2 Wire Spacing Under Discrete Design Rules

Optimal wire spacing solution obtained through the closed form solution is limited by discrete
nature of wire spacing due to A-based design rules, where spacing between any two wire is
discrete and an integer multiple of A, defined by technology. To overcome this problem
we employ a greedy algorithm at obtain an energy optimal solution under discrete spacing
constraint. In addition, the greedy algorithm exploits the solution obtained from continuous
wire spacing to reach the optimal solution faster.

The algorithm first truncates the space allocated between wires such that s; = LS—/\ZJ/\
The remaining space is divided into M discrete spaces of A width, where M < N, and
are assigned using the greedy algorithm described in Algorithm 4.1. Since, the problem is
convex this initial spacing value, obtained from continuous optimization, helps us reach the
optimal solution faster. However, the algorithm reaches the optimal solution even if the
initial spacing assigned is S;,iy,-

The energy equation is rewritten, as shown in Equation 4.8, to show that the problem
can be solved optimally using the greedy approach for wire spacing under discrete spacing
constraints. Denoted by Ey (/) is the energy optimal spacing between wires Wy and Wy,
where K = | D/A] is the number of discrete spaces available and e;(k;) o< x; k- A/ (1+k;- \)
is the coupling energy reduction between wires W; and W;1 due to k; - A additional spaces
allocated and z; is the coupling activity, between the two wires.

If e;(X) and ey(Y") are part of the optimal solution, then there does not exist a solution
ex(X') and ey (Y”) such that e; X' + ey (Y') < ez X +ey(Y)and X +Y = X'+ V' If e, X'
and ey(Y”) exists then the overall energy can be further reduced, which is a contradiction.
Hence, the problem has an optimal substructure and is formulated as a recursive function,

given by Equation 4.9.
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Egn(K)=min) ——— st Y k=K (4.8)
= (1 + /{,’2)\) P

Eyn(K)= mi ko) + Fy (K — k 4.9

0, (K) OSI]%I%K[%( 0) + E1n( 0)] (4.9)

Since, the problem is convex and has an optimal sub-structure and can be solved using
a recursive function, we can solve the problem optimally using a greedy algorithm based on
gi = x; - N/s; - (s; + A), where g; is the energy saving obtained by adding additional space
A between wires W; and W;,1, where s; is the current spacing between the two adjacent
wires and A is smallest increment in space allowed by the design rules. Since adding space
A between wires with max g; minimize the energy optimally, the greedy approach described
below obtains the energy optimal wire spacing by iteratively adding A\ space between wires

with max g; during each iteration.

Algorithm 4.1 Greedy algorithm based on convex programming.

1: Compute s; using the convex programming technique
2: Initial discrete space assigned s; = L%’J A

3: Energy gained by adding A space ¢g; = x;/s; * (s; + )
4: form=0to M —1do

5. if g; = mv%x(gi) then

6: 5j =58+ A

7: Recompute g;

8: end if

9: end for

4.6 Results and Discussion

4.6.1 Partitioned Hybrid Encoding

In this section, we present results on bus dynamic energy savings obtained, accounting for

energy dissipated by control lines, using the previous schemes BI and OEBI and compare
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them to those obtained using our PHE technique for the SPEC CPU2k benchmarks. All
results reported for encoding schemes are in the form of normalized bus energy, where energy
components for each benchmark is normalized w.r.t. the energy dissipated on the original
uncoded bus for that benchmark.

Across the benchmarks, we found the average energy savings for BI to be only 1.85%
and 3.28% for the data and instruction buses, respectively. The reason for these meager
savings is the relatively small number of self transitions per word transmitted in the original
uncoded bus: 11.74 and 11.79 for the data and instruction buses, respectively, far fewer
than the [N/2] + 1 transitions required to trigger the inversion mode. In fact, we find
that energy-metric saving modes are triggered on the average only 15.58% and 19.20% of
the time for data and instruction traffic, respectively. Although energy-metric saving modes
were triggered much more often in the case of OEBI-—30.49% and 66.48% of the time for data
and instruction buses, respectively—average energy savings were only 0.63% and 10.45% for
data and instruction buses, respectively. This can be attributed to the much higher self
energy caused by the encoding modes chosen by OEBI compared to the coupling energy
saved. It should be noted that the energy savings reported for OEBI for instruction traffic
is different from results reported previously [85] because we consider a 32-bit instruction bus
instead of a 128-bit instruction bus. This result shows the influence of bus width on encoding
schemes which do not account for the value characteristics. In addition, PHE energy savings
for 32-bit instruction traffic were comparable to previous results.

Compared to BI and OEBI, the proposed PHE technique provides significant energy sav-
ings. Results for the three optimization scenarios are given in Figures 4.1, 4.3, and 4.5 for
data bus and in Figures 4.2, 4.4, and 4.6 for instruction buses, with energy fractions due to
self, coupling charge and discharge, and coupling toggle shown separately. It can be seen
that average energy savings obtained on test traffic samples are: 21.41% and 18.89% for
general-purpose optimization, 21.54% and 23.77% for workload-specific optimization, and

25.43% and 28.64% for program-specific optimization cases for data and instruction traffic,
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respectively. These results are 2-20 times better than those for BI and OEBI, thus under-
scoring the efficacy of our approach. Energy savings obtained by PHE are fairly uniform
across benchmarks, with most of the energy savings arising from a reduction in coupling
toggle energy and to some extent in self energy, at the expense of sometimes slight increase
in coupling charge and discharge energy. This means that the effectiveness of PHE (incorpo-
rating Bl and OEBI) is likely to improve with technology scaling as R increases and causes
coupling toggle energy to be even more pronounced.

While PHE maximizes the energy savings by exploiting the value characteristics, it does
have an area overhead due to additional control lines. The area overhead versus the control
line overhead are shown in Figure 4.7 for data and instruction traffic. The number of control
line for energy optimal PHE is 18 and 6 representing and area overhead of 28.13% and 18.75%
due to control lines for data and instruction bus, respectively. However, we do notice that
the energy savings for data bus almost reaches the maximum limit with only 10 control lines

(overhead of 15.63%), with each additional control line reducing energy by less than 0.2%.

4.6.2 Value-Aware Wire Spacing

In this section, we present results on bus dynamic energy savings obtained, using value wire
spacing and compare them to those obtained using our PHE technique for the SPEC CPU2k
benchmarks. The results are reported for area overhead equivalent to 10 and 6 additional
lines for data and instruction traffic, respectively. Results for the three optimization scenarios
are given in Figures 4.8, 4.10, and 4.12 for data bus and in Figures 4.9, 4.11, and 4.13 for
instruction buses, with energy fractions due to self, coupling charge and discharge, and
coupling toggle shown separately. It can be seen that average energy savings obtained
on test traffic samples are: 29.55% and 24.22% for general-purpose optimization, 29.32%
and 24.88% for workload-specific optimization, and 30.59% and 26.63% for program-specific
optimization cases for data and instruction traffic, respectively.

The energy savings obtained through value aware wire spacing are significantly better
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for data traffic compared to PHE, while energy savings for value-aware energy savings is
only slightly better than PHE. In addition, energy savings for PHE and wire spacing are
comparable for lower number of control lines, as shown in Figure 4.14, for both data and

instruction traffic.

4.7 Conclusion

In this chapter, we have demonstrated the effectiveness of value-aware interconnect design
techniques, such as bus encoding and value-aware wire spacing, by applying it to data and
instruction bus carrying realistic traffic generated by SPEC benchmarks. In addition, we
demonstrated effectiveness of two interconnect design techniques in reducing energy for var-
ious area overheads. While energy savings for value aware wire spacing and bus encoding
techniques are comparable for low area overhead, wire spacing works better when more
area is available for energy optimization because data encoding is limited by the transition
activity on the bus. In addition, value-aware bus encoding technique needs to be applied
during the early design phase, while value-aware wire spacing can be applied during early
design phase and as a post routing optimization technique to utilize white space introduced
by CAD routing algorithms [162]. However, designers using wire spacing, should be aware
of decreased thermal resistance due to increased inter-metal dielectric and reliability issues
associated with increased thermal stress [16, 163]. Further, introduction of low-k dielectrics
aggravates the problem of wire self-heating [11]. In addition, wire spacing as an energy min-
imization interconnect technique is applicable only for metal/dielectric interconnect, while
encoding schemes are applicable in the context of carbon nanotubes, optical interconnect,

and other future interconnect technologies.
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Effect Of Partitioned Hybrid Encoding on Energy Components
for General-Purpose Optimization Of Data Bus
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Figure 4.1: General-Purpose Optimization for Data Bus: Bus energy of SPEC CPU2K training (TRNG) and test (TEST)
programs, due to partitioned hybrid encoding (PHE), normalized w.r.t the original uncoded bus energy.
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Effect Of Partitioned Hybrid Encoding on Energy Components for
General-Purpose Optimization Of Instruction Bus

m Self Energy  m Charge and Discharge Energy ™ Toggle Energy
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SPEC CPU 2000 Benchmarks

Figure 4.2: General-Purpose Optimization for Instruction Bus: Bus energy of SPEC CPU2K training (TRNG) and test
(TEST) programs, due to partitioned hybrid encoding (PHE), normalized w.r.t the original uncoded bus energy.
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Effect Of Partitioned Hybrid Encoding on Energy Components
for Workload-Specific Optimization of Data Bus
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Figure 4.3: Workload-Specific Optimization for Data Bus: Bus energy of training (TRNG) and test (TEST) samples of

SPEC2K benchmarks, due to partitioned hybrid encoding (PHE), normalized w.r.t original uncoded bus energy.
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Effect Of Partitioned Hybrid Encoding on Energy Components

for Workload-Specific Optimization of Instruction Bus
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Figure 4.4: Workload-Specific Optimization for Instruction Bus: Bus energy of training (TRNG) and test (TEST)

samples of SPEC2K benchmarks, due to partitioned hybrid encoding (PHE), normalized w.r.t original uncoded bus energy.
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Effect Of Partitioned Hybrid Encoding on Energy Components
for Program-Specific Optimization of Data Bus
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Figure 4.5: Program-Specific Optimization for Data Bus: Bus energy of training (TRNG) and test (TEST) samples of

SPEC2K benchmarks, due to partitioned hybrid encoding (PHE), normalized w.r.t original uncoded bus energy.
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Effect Of Partitioned Hybrid Encoding on Energy Components

for Program-Specific Optimization of Instruction Bus
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samples of SPEC2K benchmarks, due to partitioned hybrid encoding (PHE), normalized w.r.t original uncoded bus energy.

Figure 4.6: Program-Specific Optimization for Instruction Bus:
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PHE Energy Savings Versus Control line Overhead for
Workload-Specific Optimization of Data Bus
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Figure 4.7: Energy savings for partitioned hybrid encoding (PHE) for different area overheads
compared to uniform wire spacing for data and instruction traffic, respectively.
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Effect Of Value-Aware Wire Spacing on Energy Components
for General-Specific Optimization Of Data Bus
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Figure 4.8: General-Purpose Optimization for Data Bus: Bus energy of SPEC CPU2K training (TRNG) and test (TEST)
programs, due to value-aware wire spacing (VAWS), normalized w.r.t the original uncoded bus energy.

71



Effect Of Value-Aware Wire Spacing on Energy Components
for General-Specific Optimization Of Instruction Bus
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Figure 4.9: General-Purpose Optimization for Instruction Bus: Bus energy of SPEC CPU2K training (TRNG) and test
(TEST) programs, due to value-aware wire spacing (VAWS), normalized w.r.t the original uncoded bus energy.
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for Workload-Specific Optimization of Data Bus
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Figure 4.10: Workload-Specific Optimization for Data Bus: Bus energy of training (TRNG) and test (TEST) samples of

SPEC2K benchmarks, due to value-aware wire spacing (VAWS), normalized w.r.t original uncoded bus energy.
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Figure 4.11: Workload-Specific Optimization for Instruction Bus: Bus energy of training (TRNG) and test (TEST)
samples of SPEC2K benchmarks, due to value-aware wire spacing (VAWS), normalized w.r.t original uncoded bus energy.
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Figure 4.12: Program-Specific Optimization for Data Bus: Bus energy of training (TRNG) and test (TEST) samples of

SPEC2K benchmarks, due to value-aware wire spacing (VAWS), normalized w.r.t original uncoded bus energy.
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Figure 4.13: Program-Specific Optimization for Instruction Bus: Bus energy of training (TRNG) and test (TEST)
samples of SPEC2K benchmarks, due to value-aware wire spacing (VAWS), normalized w.r.t original uncoded bus energy.
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compared to value-aware bus encoding technique (partitioned hybrid encoding) and uniform
wire spacing for data and instruction traffic, respectively.
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Chapter 5

Simultaneous Bit Ordering and Static
Signaling for Multi-Objective

Interconnect Optimization

5.1 Introduction

On-chip wires are a major bottleneck in the design of high-speed and low-power circuits and
systems. Hence, microprocessor performance increase is only roughly proportional to square
root of increase in logic complexity (Pollack’s Rule) due to global interconnect delay that
reduces or cancels the speed gained due to smaller transistors [1, 2]. Also, reduced inter-
connect dimension, increases parasitic resistance, inductance, and capacitance that aggra-
vates interconnect delay, power consumption, and signal reliability. Thus, design of on-chip
interconnects is one of the most important challenges in nanometer-scale ICs [3].

In Intel microprocessors, interconnect power accounted for approximately 51% of mi-
croprocessor power in the 130 nm technology and was projected to rise up to 65%-70% of
microprocessor power, over the next few years [7]. These trends in interconnect power con-

tinues to hold even in modern architectures, such as multi-core, system-on-chip (SOC), and
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network-on-chip (NOC), where interconnect energy is expected to account for almost 70%
of the total chip energy [8]. This increased energy dissipation in global interconnects and
use of low-k dielectric has exacerbated interconnect reliability in high performance proces-
sors due to Joule heating since wire temperature impacts wire delay and electromigration
[11, 15, 16]. Rising wire temperature increases wire delays by about 5% for every 20°C rise
in temperature and also degrades interconnect reliability due to electromigration [12, 13, 14].

Real world programs exhibit significant spatial, temporal and value locality that results
in redundancy in instruction, address, and data bus traffics. Hence, switching (self and
coupling) activities of traffic are similar across different execution regions of a program and
across benchmarks. However, most encoding techniques proposed to address interconnect
energy [65, 83, 82, 66, 156] are oblivious to these program characteristics and are effective
for only worst-case or random traffic. Hence, these techniques are ineffective when applied

to wide buses carrying correlated data [85, 164].

5.1.1 Key Contributions and Results

We present an integer linear programming (ILP) based methodology that evaluates ¢ signal-
ing schemes per bit and all possible bit ordering permutation for an n-bit bus to optimize
interconnect design metrics, such as power, performance, and temperature. The combina-
tion of a particular way of signaling for each bits and ordering them on the bus constitutes
a static encoding scheme. The ILP produces an optimal static encoding scheme by choosing
exactly one signaling scheme per bit and exactly one mapping of bits to bus lines, from a
total solution space of gn x n! encoding schemes, based on traffic value characteristics col-
lected by executing real-world programs, such as SPEC benchmarks, on SimpleScalar/Alpha
microarchitectural level simulator. Encoding/decoding latency, area, and energy overheads
are virtually non-existent, since only one encoding scheme is supported in hardware and no
control lines are needed.

Since there is substantial correlation in switching characteristics across benchmarks, our
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static encoding scheme optimized for a set of programs (training benchmarks) works very
well for a different set of programs (test benchmarks). This scenario, known as general-
purpose optimization, yields an average bus dynamic energy reduction of 6.11%/7.48% for
data/instruction buses. The effectiveness of the technique improves with increasing degrees
of customization (suitable for particular application domains or embedded systems) to obtain
average bus energy reductions of 7.49%/14.77% for workload-specific and 17.49%/26.23% for
program-specific optimization scenarios for data/instruction buses. These average percentage
bus energy reductions for our static encoding schemes are better than more complex dynamic
encoding schemes, such as bus invert (BI) [65] and OEBI [66].

Lowering bus energy does not necessarily lower the highest temperature attained by a
bus wire during program run, or peak wire temperature, because peak wire temperature
depends on the spatial and temporal distribution of energy. To reduce peak temperature, we
present a novel method to efficiently explore peak wire temperature and total bus dynamic
energy trade-off space, using a steady-state wire temperature model [86]. Based on this
temperature model, we introduce thermal constraints into our ILP framework for energy
optimization that allows designer to trade-off total bus dynamic energy reduction in peak
wire temperature, as desired. We demonstrate the efficacy of this approach by using data bus
traffic of lucas benchmark and show temperature reduction of 1°C for less than 2% increase
in energy compared to energy optimal static scheme. We also present a novel approach to
design a static encoding scheme to reduce the number of cycles required for variable cycle bus
transmission. The proposed approach reduces the number of cycles required for transmission
by 21.24% and 10.90% for data and instruction buses, receptively, and can be integrated in
the ILP framework to explore suitable energy-performance trade-offs.

Next, we present the different signal choices for a bit, in Section 5.2. Then, we describe
our ILP framework, in Section 5.3, for finding an optimal static encoding scheme. Followed
by Section 5.4, were we describes how various interconnect design metrics, such as energy,

temperature, and performance, are optimized using the ILP-framework. Finally, we discuss
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our results in Section 5.5.

5.2 Static Signaling Schemes

In this section, we describe the five static signaling choices considered in our optimization
technique. Each bit in the bus is assigned a signaling mode from a choice of: original signaling
(org), inverted signaling (inv), transition signaling (trs), inverted transition signaling (itr),
and Markov signaling (mrk). Though, inverted and inverted transition signaling do not
reduce the self activity of the wire, compared to original and transition signaling, respectively,
they do influence the coupling activity between the wires and hence, are considered in our

optimization.

5.2.1 Original and Inverted Signaling

Our optimization technique uses original and inverted signaling as possible choices to trans-
mit data on a bit line. In original signaling the bit value remains unchanged and transmitted
as is, while inverted signaling flips the bit value from a zero to a one and from a one to a
zero. Though inverted signaling does not effect the self activity of a wire compared to original

signaling, it could potentially reduce coupling energy by eliminating toggle activity.

5.2.2 Transition and Inverted-Transition Signaling

Transition and inverted transition signaling are effective in reducing self activity by convert-
ing highly active bits into a series of zero and/or ones. The reduction in self activity has
significant impact on coupling activity which is dependent on self activity of two neighboring
bits. Like inverted signaling, inverted transition signaling and is included because it could

impact coupling energy.
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5.2.3 Markov-Model Based Signaling

This signaling scheme uses a small amount of hardware at the sending and receiving end
of the bits selected. This scheme maintains the k-bit values of the original data previously
transmitted. These k-bits define the current state of the Markov model and is used to predict
the next bit value to be transmitted. A mis-prediction is indicated by flipping the current
state of the bit from a zero to a one or a one to a zero.

To determine the optimal depth of the Markov model we calculated the prediction rate
for different values of k (1 < k <9), for each bit, using the primary sample of the 26 SPEC
benchmarks. The average prediction rate of data and instruction traffic for various Markov
depth, are shown in Figure 5.1. The prediction rate of most active 8-bits was used to compute
the average prediction rate. Prediction rates improved with Markov depth (k), however due
to gradual improvements in prediction rate and complexity of circuitry overhead we settled

for £ =4 and k = 2 for data and instruction buses, respectively.

Average Bit Prediction Rate of Data Average Bit Prediction Rate of Intruction
Bus for Various Markov Model Depths Bus for Various Markov Model Depths

0.88 0.82
20.87 20.80
[] 4]
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S S
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5 0.84 © 0.74
g g
a 0.83 a 0.72

0.82 0.70

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
Markov Model Depth Markov Model Depth

Figure 5.1: Prediction rate versus Markov depth: Average prediction rate computed
using most active 8-bits from data and instruction buses, respectively.
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5.3 ILP Framework for Designing Value-Aware Encod-
ing Schemes

The choice of signaling scheme influence the self and coupling activity of the bus, while
bit ordering has a significant impact on coupling activity. The ILP framework, presented
in this section, explores different signaling options for a bit while, simultaneously exploring
all possible bit ordering of a bus, to find a static encoding scheme SBOS (simultaneous
bit ordering and signaling), based on traffic characteristics which reduces the interconnect
design cost. The choice of encoding scheme also impacts other interconnect design metrics,
such as temperature and performance, by influencing temporal and spatial distribution of
energy causing transitions. The ILP-framework provides an efficient way analyze multiple
interconnect design objectives and find an optimal static encoding scheme that address all
interconnect design concerns.

To simplify the understanding of our ILP framework, we, first, present the ILP algorithm
for solving the minimum cost bit ordering problem which is special case of SBOS where
only one signaling scheme per bit is considered. The bit ordering problem can be viewed as
a tour that starts and end at the shield line, where adjacent bit (or the next city visited)
is determined based on cost of the overall solution. Hence, this problem is equivalent to
finding minimum cost Hamiltonian cycle. Next, we present the formulation for choosing the
minimum cost signaling while maintaining the original bus ordering. Finally, we present the
approach to explore all possible signaling and bit ordering combinations, simultaneously, to

find the minimum cost bus configuration.

5.3.1 Minimum-Cost Bit Ordering (MCBO)

The bit ordering problem is similar to the traveling salesman problem where the order in
which a salesman visits cities is determined to minimize traveling cost, given the cost of

travel between any two cities. This problem of finding the minimum cost Hamiltonian cycle
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Figure 5.2: Find minimum cost Hamiltonian path by solving smaller ILP’s and adding
constraints to eliminate subtours from previous iterations, to reduces run-time.

is NP-complete and is formulated as an ILP [96, 95]. The objective of the ILP is shown
in Equation 5.1, where ¢(i,j) is the cost of placing bits i and j adjacent to each other
(also known as edge weight between i and j) and z(i, ) is defined as a binary variable, to
indicate if bits ¢« and j are placed next to each other, by Equation 5.2. The number outgoing
and incoming edges selected for a node is limited to 1 by Equation 5.3 and Equation 5.4,
respectively, ensuring that every node is visited exactly once.

Each bit (city) is represented as a vertex in the graph G(W, C'), while the two shield wires,
at the far end of the bus, are represented as a single vertex, as shown in Fig 5.2(a), which
is the starting and end point of a tour. However, the final solution for the ILP, presented,
could contain sub-tours, as shown in Figure 5.2(b). The number of sub-tour elimination
constraints is exponential and leads to very large solution time. So, we solve a smaller ILP

multiple times and eliminate sub-tours from previous iterations. The algorithm for finding

the Hamiltonian cycle, using this iterative approach, is described by Algorithm 5.1.
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Minimize

> {elig) - wlih)} (5.1)

Y(i,j)eV
subject to:
JZ(%,])E{O,].}, V(Z,])GO, (52)
Y aij)=1,VieV, (5.3)
VieV
> a(ji)=1,VieV. (5.4)
VieV

Algorithm 5.1 Subtour from previous iterations are eliminated before ILP is re-solved,

until a Hamiltonian tour is obtained.
1: Add Objective and constraints.

2: Solve ILP

3: while subtours found do

4: fork«+ 1TO tdo

//t is the number of subtours.

//Gr(ny) is kg, subtours with nj, nodes.

Add constraint Z x(i,7) < ng
V(i,j)EGk

8: end for

9:  Re-solve ILP.

10: end while

11: Minimum cost Hamiltonian cycle found.

5.3.2 Minimum-Cost Signaling (SIG)

While bit ordering reduces inter-wire coupling activity, the number of self transitions do
not change. Static signaling schemes, which have very low circuit overhead, can be applied
independently to each wire, based on traffic characteristics, to reduce self transitions in the
original traffic. For example, transition signaling (¢rs) convert a sequence of alternating zero

and one transmitted on a wire into a sequence of ones thereby reducing self transitions. On
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the other hand, Markov signaling (mrk) reduce self transitions by predicting the bit to be
transmitted, based on the previous k bits from the original data stream. A correct prediction
of the bit value results in no activity while a mis-prediction results in a transition on the
wire. Since coupling activity is dependent on the self activity of two neighboring wires,
reduction in self transition activity has a significant impact on coupling activity. Hence,
signaling schemes have a considerable impact on interconnect design.

We consider a set of five signaling schemes, S = {org,inv, trs,itr,mrk}, to reduce self
and coupling activity. The problem of selecting a signaling scheme is formulated as an ILP,
as shown in Equation 5.5, where i, represents bit ¢ signaled using scheme p. The original
bit ordering is maintained by constraint specified in Equation 5.7 while Equation 5.8 ensures

that exactly one signaling scheme is chosen for a bit.

Minimize
ST {elip (i4+1)g) - lip, (i + 1))} (5.5)
V(ip)eV ¥(q)es
subject to:
z(ip, (i +1)q) € {0,1},V(ip, (i +1)g) €V, (5.6)
DY alip(i+1)y) =1, Vi€V, (5.7)
Vg eSV¥p € S
D alip, (i+1)g) = > a((i — 1)g,ip), Vip € V. (5.8)
Vqes VgeSs
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5.3.3 Minimum-Cost Simultaneous Bit Ordering and Signaling
(SBOS)

The choice of signaling scheme and the ordering of bits has a very significant impact on
coupling activity. Hence, the problems should be solved simultaneously. In this problem,
we view each bit as a super-node consisting of a set of nodes, where each node represents a
signaling choice for a bit. The tour is completed by visiting each super node, exactly once.
The ILP formulation for simultaneous signaling and ordering is given by Equation 5.9. The
number outgoing and incoming edge selected for a super-node is limited to 1 by Equation 5.11
and Equation 5.12, respectively, ensuring that every super-node is visited, exactly once.
While Equation 5.13 selects exactly one node per super-node or one signaling choice per bit.
Like the bit ordering problem, sub-tours from previous iterations are eliminated and the ILP

is re-solved until the minimum cost Hamiltonian cycle is obtained.

Minimize
Z {clip, jq) - 2(ip, jg) } (5.9)
V(ip,jq)GV
subject to:
x(ip, jq) € {0,1},V(ip, jg) €V, (5.10)
quEV Vp es

wqev Vp es

> Aalipig)} = D {zligip)}, Vipe V. (5.13)

V]q ev qu cV
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Next, we describe how a cost function are defined based on interconnect design constraints

such as energy, delay, and temperature.

5.4 ILP Framework for Multi-Objective Optimization

The ILP framework provides an elegant environment for multi-objective optimization, as
long as all objectives can be expressed as a linear equation. In this section, we will describe
design objectives, such as energy, temperature and performance as linear equations. First,
we describe a general approach to multi-objective optimization in the ILP framework. Next,
we take a look at energy as a design constraint, followed by temperature optimization and

finally we present interconnect performance optimization. All ILP problems were solved

using ILOG CPLEX [165].

5.4.1 Multi-Objective Optimization Methodology

Let, f(©1), f(©2), ---, f(On) be the linear equations describing N design objectives,
O1,---,0), where ©7 is the most important objective, ©9 is the second most important
objective, so on and so forth. The ILP for SBOS, described in the previous section, is solved
for each objective in their order of importance. Hence, objective ©; is solved during the i,
iteration with additional constraints f(©x) < mg - finin(©r), Yk € 1, 2,--- ;i — 1, where
fmin(©f) is the minimum cost of objective © obtained in the k" iteration, and n > 1
describes the slack or penalty the designer wishes to incur to address other design objectives.
The multi-objective optimization methodology is described by Algorithm 5.2.

Next, we will formulate energy, temperature, and performance objectives as linear equa-
tion which can be incorporated into the ILP framework. It should be noted that temperature
objective is incorporated a little differently from other objectives, as we are interested in min-
imizing peak temperature rather than average temperature. This approach is described in

Section 5.4.3.
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Algorithm 5.2 Multi-Objective Optimization
Minimize Objective ©1
Solve for minimum cost Hamiltonian Cycle
Minimum cost = fi,in(01)
Slack for objective ©1 = m;
for i < 2TO N do
Minimize Objective ©;
for j < 1TO?7—1do
Add constraints f(0;) < ;- fmin(©;)
end for
Solve for minimum cost Hamiltonian Cycle
Minimum cost = f,in(©;)
Slack for objective ©; = n;
: end for

[
AT S

5.4.2 Energy Optimization

The choice of signaling scheme influences both dynamic self and coupling energy while the
choice of neighboring bit affects the dynamic coupling energy. Hence, the weight of an
edge should capture both components of dynamic energy in order to minimize interconnect
dynamic energy. In order to capture the total energy in the tour, we add half the self energy
of bit i signaled using scheme p to every edge connected to vertex i, because exactly two
edges on vertex i, are selected if the vertex is included in the final solution. Hence, the
minimum cost Hamiltonian cycle selected would minimize the total interconnect dynamic
energy. Hence, the cost of placing bits 7;, and jg next to each other is given by Equation 5.14,
where E¢(ip, jq) is the coupling energy dissipated on wire i) due to wire j; and Eg(ip) is

the dynamic self energy dissipated on wire 4.

Clip.a) = Ecip.iq) + Ecig.ig) + 252+ EsU0 (5.14)

Most of the interconnect leakage energy dissipated are due to buffers placed along the
length of the wire to improve interconnect delay. The use of dual threshold voltage in-
verter can be used to reduce leakage energy by exploiting the value characteristics. Since,

signaling schemes considered in this work reduce dynamic energy, reducing leakage energy
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becomes an assignment problem. However, leakage energy could be easily incorporated into
the optimization problem, similar to self energy, by rewriting the edge cost as shown in
Equation 5.15.

Eg(ip) + Es(jq) n Er(ip) + Er(jq)
2 2

C(ipajq) = EC(ipvjq) + EC(jq7iq) + (5-15)

5.4.3 Peak Temperature Optimization

Algorithm 5.3 Energy minimization under peak temperature constraints.
1: Eorg energy of the original bus.
2: Tyrg peak temperature of the original bus.
3: Tpeak = Tmng
4: p=1

5: AT = 1°K

6:

7

8

9

repeat
//Each step peak temperature is reduced by AT
T;geak: — ‘peak — AT
for : < 0 to N do
10: for j < 0to N do
11: for k< 0to N do
12: Compute T'(j) given i and k
13: if T(j) > Tpeak then
14: Add constraint: x(i,7) + z(j,k) <1
15: end if
16: end for
17: end for
18:  end for
19:  Solve MCBO.
20: Egpt energy of the MCBO solution.

21: TP ;; peak temperature of the MCBO solution.

pea

. _ 7P
22: Tpeak — Tpeak_
23: p=p+1

24: until New bit ordering not found

Minimizing bus energy does not guarantee minimum peak bus temperature because ther-
mal coupling is a significant phenomenon in global lines, particularly when high activity wires

are placed next to low activity ones [166]. The intra-layer heat transfer or thermal coupling
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between the wires is likely to cause hot-spots when two high-activity wires are placed adjacent
to each other. The maximum temperature on the bus occurs at such hot-spots. Since, we are
interested in minimizing peak temperature and not average temperature, it is not possible
formulate temperature as an objective function in the ILP. However, peak temperature can
be minimized in the ILP framework by adding temperature as constraints. Algorithm 5.3
describes the approach to minimizing peak temperature using bit ordering and can be easily
extended to minimize peak temperature in SBOS.

It should be noted that thermal constraints may decrease energy savings potential of
SBOS but provide designers the flexibility to trade-off energy for reducing peak wire temp-
erature. The thermal constraints were developed using the steady state thermal model.

[36).

5.4.4 Average Delay Optimization

The inter-wire coupling capacitance or crosstalk determines the worst case delay for trans-
mitting a word. Most encoding schemes that eliminate worst-case crosstalk patterns require
at least 50% more area to route control line (this might not be possible for wide, 64- and
128-bit, microprocessor buses) or transmit data over multiple-cycles which does not provide
any performance benefits at the system level. However, the worst-case conditions do not
occur frequently. Hence, variable cycle transmission [167], where the number of transmission
cycles is determined dynamically, could improve overall system performance.

In this section, we discuss how value-aware bit ordering and signaling approach reduces
the various crosstalk conditions and provides performance benefits in a variable cycle inter-
connect architecture. In addition, timing slack in multi-cycle transmission could be exploited
to reduce energy as indicated by the RAZOR architecture [168].

The delay of transmitting a word depends on the wire with the worst-case crosstalk
condition. The five crosstalk conditions based on the transitions in the victim and aggressor

wires are: 1 + Or (mode-0), 1 + 1r (mode-1), 1 + 2r (mode-2), 1 + 3r (mode-3), and 1 +
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4r (mode-4). Due to the complexity of computing the frequency of each crosstalk mode for
different bit ordering schemes, we use pair-wise bit information to compute the frequency
of each crosstalk mode, as described below. The notion will not use signaling information,
though the method could be extended for simultaneous signaling and bit ordering.

The crosstalk mode of a wire is determined by its two neighboring wires. Hence, the
number of triples, of the order @(n3), determine the complexity of data collection, number
of variables in the ILP, and the time complexity for solving the ILP. For very wide buses, the
number of such variables could vary from a few hundred thousand to over a million. Hence,
we restrict our analysis to pair wise bit information.

In the remainder of the section, we will discuss how to formulate an objective function
for an ILP to reduce average delay. We will restrict our discussion to reducing the frequency
of crosstalk mode-3 and mode-4, so that data could be transmitted within a maximum of
two cycles. First, we calculate the probability of no coupling activity ¥ cq(i,7) = Nﬂ#,
coupling charge/discharge ¥ (i,7) = NC1T(Z'J)’ and coupling toggle ¥o9(i,j) = NC2T(W)
from a traffic trace, where Ngg, N1, and Ngo are the number of occurrences of each

coupling activity, respectively, in the given trace between bits ¢ and j and L is the length of

the trace.

log( [] (PG,i+1)) = log(P(i,i+ 1))=Y W(i,i+1) (5.16)

v(i)ep viess vie
Next, we compute the probability of no coupling toggle transition for a given bus order
and select the ordering with the highest probability, because a coupling toggle transition
has to occur for crosstalk mode-3 and mode-4 to occur. However, this is a pessimistic
approach because a coupling toggle need not always result in crosstalk mode-3 and mode-4.
The probability of no coupling transition for a bus ordering 3 is the product of no coupling
activity between any two adjacent pair of bits in S. By taking log the function can be

expressed as a sum of terms, as shown in Equation 5.16, where P(i, ) = (1 — 9¢9(i, j) and

W(i,i+1) =log P(i,i+1).
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Maximize

V(i,j)eV

subject to:
> alij)=1,VieV, (5.19)
VjeV
> a(ji)=1,VieV. (5.20)
VieV

Hence, the objective for reducing average delay is given by Equation 5.17, where x(3, j)
indicates if a bit has been selected and so is restricted to a binary value by Equation 5.18.
Equation 5.19 and Equation 5.20 ensures that a bit is selected exactly once by restricting
the number of incoming edges and outgoing edges to one, respectively. The ILP formulation
looks similar to the minimum cost formulation except that the objective maximizes the delay
function. In addition, the bit ordering problem for minimum average delay can be extended

to signaling and bit ordering as explained previously.

5.5 Results and Discussion

First, we show the efficacy of SBOS for addressing interconnect energy. Next, we present the
effectiveness of SBOS for performance optimization. Finally, we show how multi-objective
optimization can be achieved using the ILP framework to meet energy and temperature

constraints.
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5.5.1 Energy Optimization

Figure 5.3 and Figure 5.4 show the efficacy of signaling, bit ordering and simultaneous bit
ordering in reducing interconnect energy. To compare these different schemes we performed
aggregated statistics from the primary sample of all 26 benchmarks to obtain energy sav-
ings of 1.83%/9.12%, 8.77%/13.07%, 8.93%/15.03% for signaling, bit ordering, and SBOS,
respectively, for data/instruction traffic.

The signaling scheme reduces the self transition activity by 3.44% and 6.53% but realizes
an energy savings of 1.83% and 9.12% for data and instruction traffic, respectively. The dif-
ference in self activity and energy savings is primarily due to the impact of coupling energy
dissipation which accounts for around 80% of the total dynamic interconnect energy. While
instruction traffic experiences 9.66% reduction in coupling energy, data traffic experiences
a reduction of only 1.45%. This shows that reduction in self activity does not necessarily
guarantee reduction in coupling activity which is dependent on the self activity of two adja-
cent wires and analyzing value characteristics of the bus is essential to reducing interconnect
dynamic energy.

Bit ordering technique performs better than signaling for both data and instruction traffic
as it addresses coupling energy which dominates interconnect dynamic energy, yielding an
energy savings of 8.77% and 13.07%. However, this technique does not reduce the number of
self transitions that occur on the interconnect. Hence, we solve the bit ordering and signaling
problem simultaneously to realize the maximum energy savings of 8.93% and 15.03% for
data and instruction traffic, respectively. The SBOS energy savings for data traffic is not
significantly different from bit ordering as signaling schemes, such as transition signaling,
which reduce self activity are not chosen. Though Markov signaling is chosen for a few
bit, these bits are mostly high order bits with very low activity. Hence, energy savings are

realized primarily through bit ordering.
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5.5.2 Impact of Customization

Value-aware optimization is limited by the amount of available information at design time.
Knowledge of programs expected to run on a processor are important to improve the efficacy

of any value aware design. Hence, we consider three increasing degrees of customization.

General-purpose optimization

In this case, the technique is optimized based on aggregate traffic value characteristics from
primary sample of the 13 training benchmarks (chosen randomly) and applied to the re-
maining 13 test benchmarks to obtain an energy savings of 6.11% and 7.48% for data and
instruction traffic, respectively. Figure 5.5 and Figure 5.6 shows the energy savings for in-
struction and data traffic, respectively, for both training and test benchmarks. The drop-off
between training and test was particularly significant for instruction traffic where the energy
savings on the training traffic was 18.08%. This difference in energy savings can be attributed
to the fact that every possible instruction sequence captured by the SPEC benchmark suite
cannot be represented wholly by a subset of benchmarks. On the other hand, the drop-off in

data traffic was relatively small where the energy savings on the training traffic was 9.60%.

Workload-specific optimization

Here the technique was optimized based on the aggregate traffic characteristics of the pri-
mary sample of all 26 benchmarks and applied individually to the secondary sample of each
benchmark to obtain an energy savings of 7.49% and 14.77% for data and instruction traffic,
respectively. Figure 5.7 and Figure 5.8 shows the energy savings for instruction and data
traffic, respectively, for both training and test sample of each benchmark. For instruction
traffic the energy savings was very similar to energy savings of 15.03% obtained on the
training sample. This similarity in training and test for instruction can be attributed to
the fact that SPEC benchmarks were designed to capture all possible occurrence of instruc-

tion sequence. In addition, variation in program-specific optimization indicates that the two

95



samples (primary and secondary) from a single program represent different set of instruction
sequences occur in most benchmarks. Moreover, the effectiveness of SBOS obtained using
general-purpose or workload-specific optimization on test traffic of data bus indicate that
value aware encoding can be applied reliably to data bus which carries the most random

information compared to address and instruction buses.

Program-specific optimization

In this case, the technique was optimized for each of the benchmark’s primary sample and
applied to the same benchmark’s secondary sample to obtain an average energy savings of
17.49% and 26.23% for data and instruction traffic, respectively. Figure 5.9 and Figure 5.10
show the energy savings for program-specific optimization of each individual benchmark for
data and instruction bus, respectively. The significant drop in average energy savings of
35.80% for training traffic for instruction bus shows that there is significant difference in
energy behavior across a program. The drop-off in energy savings is also significant for data

traffic where the average energy savings on the training sample was 26.52%.

5.5.3 Influence of Activity Level on Energy Savings

1. Self activity level of each benchmark is defined by the number of self transition per
transmitted word. The correlation between self activity and level and energy savings
is 0.07 for data traffic and 0.31 for instruction traffic. Increase in self activity should
increase the potential for energy savings. However, we see no correlation in data traffic
because signaling schemes such as transition and inverted transition signaling are not
selected and most of the energy savings are achieved through bit ordering. Moreover,

self activity level does not account for the distribution in activity level across the bus.

2. Bit ordering reduces coupling energy by placing highly correlated bits adjacent to
each other. Coupling energy reduction is achieved by eliminating toggle scenarios and

converting them into same side transitions or charge discharge. So energy savings
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depends on the ratio of toggle transition to same side transitions. This conversion can
be achieved by inverting the value on bit or by placing two bit with similar values
adjacent to each other. The correlation between ratio of toggle to same side transition
versus energy savings has a stronger correlation 0.45 for data traffic compared to 0.15

for instruction traffic.

5.5.4 Average Delay Optimization

The performance optimization employs a heuristic approach to eliminate the worst case
crosstalk scenarios and reduce the number of cycles required for transmission. To show
the efficacy of our performance optimization, we aggregated the statistics from the primary
sample of all 26 benchmarks and applied the scheme to the secondary sample of each of
the benchmark. The proposed technique was able to eliminate 21.24% and 10.90% of the
cycles for data and instruction traffic, respectively. The impact of performance optimization
are shown in Figure 5.11 and Figure 5.12, for data and instruction traffic, respectively, and
compared against both original bus configuration and energy optimized bus configuration.
Since, energy optimization also tries to eliminate the occurrence of coupling toggle activity,
we see some performance benefit in our energy optimized SBOS configuration compared to
original bus configuration.

The performance optimization technique is particularly effective in data traffic where
the energy optimal (EOPT) SBOS technique was able to eliminate only 2.79% of the cycles
compared to 21.24% reduction in cycles by performance optimized (POPT) SBOS. This can
be attributed to the random nature of data traffic where there is a lesser degree of correlation
between any two pair of bits. This randomness in data traffic compared to instruction traffic
is also the reason for higher variation in results across benchmarks.

For instruction traffic the energy optimal (EOPT) SBOS was able to reduce 9.98% of the
cycles which was comparable to performance optimized (POPT) SBOS because instruction

traffic, is limited by the instruction set architecture where correlation between any two pair
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of bits is stronger. This correlation information is lost due to the approximation of the

objective function.

5.5.5 Peak Temperature Optimization

Reduction in energy consumption has a direct impact on temperature. Hence, value-aware
techniques designed for energy is expected to have a positive impact on temperature. How-
ever, interconnect design is driven by peak temperature (hot-spots) rather than average
temperature. Hence, temperature reduction depends on the spatial distribution of energy in
addition to energy reduction. Therefore, a trade-off exists between peak temperature and
energy savings. Since temperature optimization requires actual energy dissipated on a wire,
we performed temperature optimization using statistics collected for data bus during execu-
tion of lucas. We selected data bus because transition activity was concentrated on LSB of
the bus creating hot-spots and lucas benchmark had energy savings similar to the average
data bus energy savings. The trade-off between peak energy and temperature is shown in
Figure 5.13. We notice that by sacrificing only 2% of the energy savings the designer could
reduce the peak temperature by 1°. By obtaining this curve the designer could make a

realistic decision about the appropriate operating point.
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Effects of Value Aware Static Encoding Schemes on Energy Components
for Workload-Specific Optimization of Data Bus
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Figure 5.3: Effect of Static Encoding Schemes on Data Bus: Energy comparison between original uncoded bus (ORG),
static signaling (SIG), bit ordering (BO), and simultaneous signaling and bit ordering (SBOS).
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Effects of Value Aware Static Encoding Schemes on Energy Components
for Workload-Specific Optimization of Instruction Bus
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Figure 5.4: Effect of Static Encoding Schemes on Instruction Bus: Energy comparison between original uncoded bus
(ORG), static signaling (SIG), bit ordering (BO), and simultaneous signaling and bit ordering (SBOS).
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Effect of SBOS on Energy Components for
General-Purpose Optimization of Data Bus
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Figure 5.5: General-Purpose Optimization of Data Traffic: Bus energy of SPEC CPU 2000 training (TRNG) and test
(TEST) programs using simultaneous bit ordering and static signaling (SBOS) scheme and normalized w.r.t the original uncoded

bus energy of each program.
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Effect of SBOS on Energy Components for
General-Purpose Optimization of Instruction Bus
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Figure 5.6: General-Purpose Optimization of Instruction Traffic: Bus energy of SPEC CPU 2000 training (TRNG) and
test (TEST) programs using simultaneous bit ordering and static signaling (SBOS) scheme and normalized w.r.t the original
uncoded bus energy of each program.
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Effect of SBOS on Energy Components for
Workload-Specific Optimization of Data Bus
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Figure 5.7: Workload-Specific Optimization of Data Traffic: Bus energy of training (TRNG) and test (TEST) samples
of SPEC CPU2K benchmark programs, using simultaneous bit ordering and static signaling (SBOS) scheme and normalized
w.r.t original uncoded bus energy of that program sample.
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Effect of SBOS on Energy Components for
Workload-Specific Optimization of Instruction Bus
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Figure 5.8: Workload-Specific Optimization of Instruction Traffic: Bus energy of training (TRNG) and test (TEST)
samples of SPEC CPU2K benchmark programs, using simultaneous bit ordering and static signaling (SBOS) scheme and
normalized w.r.t original uncoded bus energy of that program sample.
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Effect of SBOS on Energy Component for
Program-Specific Optimization of Data Bus
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Figure 5.9: Program-Specific Optimization of Data Traffic: Bus energy of training (TRNG) and test (TEST) samples of
SPEC CPU2K benchmark programs, using simultaneous bit ordering and static signaling (SBOS) scheme and normalized w.r.t
original uncoded bus energy of that program sample.
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Effect of SBOS on Energy Components for
Program-Specific Optimization of Instruction Bus
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Figure 5.10: Program-Specific Optimization of Instruction Traffic: Bus energy of training (TRNG) and test (TEST)
samples of SPEC CPU2K benchmark programs, using simultaneous bit ordering and static signaling (SBOS) scheme and
normalized w.r.t original uncoded bus energy of that program sample.
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Figure 5.11: Workload-Specific Performance Optimization of Data Traffic: Percentage reduction in cycles with respect
scheme for secondary sample of SPEC CPU 2000 benchmark programs.
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Figure 5.12: Workload-Specific Performance Optimization of Instruction Traffic: Percentage reduction in cycles with

respect to original uncoded bus (ORG) using the energy optimized (EOPT) SBOS scheme and performance optimized (POPT)

SBOS scheme for secondary sample of SPEC CPU 2000 benchmark programs.
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Chapter 6

Dynamic Encoding and Bit Ordering
for Multi-Objective Interconnect

Design

6.1 Introduction

Reduced interconnect dimensions, due technology scaling, increases parasitic resistance, in-
ductance, and capacitance that aggravates interconnect delay, power consumption, and sig-
nal reliability. Hence, microprocessor performance increase is only roughly proportional to
square root of increase in logic complexity due to increased global interconnect delay that re-
duces or cancels the speed gained due to smaller transistors [1, 2]. In addition, interconnect
energy particularly in long global address, instruction, and data buses, are becoming in-
creasingly important in nanometer-scale technologies as interconnects continue to aggravate
performance, power, and cost concerns.

To check growing resistance and delay of wires relative to those of transistors, wire aspect
ratio of global interconnects has been gradually increased. However, this causes coupling ca-

pacitance between adjacent bus lines to become more pronounced. Solutions like introduction
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of low-k dielectrics can reduce coupling capacitance to some degree but are not sufficient.
Further, introduction of low-k dielectrics aggravates the problem of wire self-heating [11],
which leads to increased interconnect delay [12, 13, 14] and stress related breakdowns such
as electromigration (EM), and time dependent dielectric breakdown (TDDB) [11, 15, 16].
Meanwhile, interconnect power which accounted for approximately 51% of microprocessor
power in the 130 nm technology [7] is expected to increase to almost 70% in modern archi-
tectures, such as multi-core, system-on-chip (SOC), and network-on-chip (NOC) [§].

Bus encoding is a widely-used approach exploiting the data-dependent nature of bus
dynamic energy in which data is transmitted in an encoded form to save energy. Since
real-world workloads cause bus traffic that exhibits significant spatial, temporal, and value
locality, encoding schemes that exploit the characteristics of such correlated traffic can be
very effective in improving bus energy efficiency. However, most existing low-power bus
encoding schemes [65, 83, 82, 66, 156], which typically save energy by fully or partly inverting
bus data opportunistically in selected cycles to reduce bus switching activity, are oblivious of
these characteristics, and are effective only for random or worse-case (highly-changing) traffic.
For realistic correlated data streams and, especially, wide (e.g., 64-bit or more) buses, these
encoding schemes do not provide appreciable benefits since energy-saving encoding modes
are not triggered frequently [86, 85]. While previous value-aware encoding techniques, such
as partial bus invert (PBI) [88], and partitioned hybrid encoding (PHE) [85], only exploit

value characteristics heuristically or are limited to a group of contiguous bits.

6.1.1 Key Contributions and Results

We present technique to design a dynamic encoding and bit ordering scheme (DEBO) with m
control line and 2" encoding modes and exactly one bit permutation. Each encoding mode
inverts a particular set of bits, if that encoding mode is chosen to transmit the data in a given
cycle. The encoding mode chosen in any given cycle depends on the data to be transmitted

and the interconnect design metric being addressed. An integer linear programming (ILP)
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framework is presented to chose exactly 2 encoding modes and exactly one mapping of
bits to bus lines, from a solution space of 2™ x 2" x n! encoding schemes, based on traffic
value characteristics. Further, to minimizing the ILP solution time, a heuristic approach
that provides near optimal solution while drastically reducing run-time is also presented.

To show the efficacy of our approach, we collected data and instruction bus traffic
for real-world programs, such as SPEC CPU2K benchmarks, using SimpleScalar/Alpha
microarchitectural-level simulator. The dynamic encoding scheme was optimized based on
aggregate traffic characteristics of each benchmark’s primary sample, and tested on sec-
ondary sample of each benchmark. The dynamic encoding scheme designed for reducing
interconnect energy produced an energy savings of 15.04% and 19.55% for data and in-
struction buses, respectively. On the other hand, dynamic encoding scheme, designed for
performance, reduced the number of cycles required by 24.00% and 17.18% for data and
instruction bus, respectively.

Next, in Section 6.2, we present related work. Then, describe our approach to designing
simultaneous bit ordering and dynamic encoding (DEBO) scheme in Section 6.3 and discuss

our results in Section 6.4.

6.2 Related Work

A number of low-power dynamic bus encoding schemes have been developed. These include
schemes, such as bus invert (BI) [65], partial bus invert (PBI) [88], and narrow bus invert
(NBI) [82], that seek to reduce self energy (by reducing the average value of Ng) and schemes,
such as odd/even bus invert (OEBI) [66], coupling driven bus invert [83], and coupling-
based bus invert [156], that attempt to reduce coupling energy (by lowering the average
value of Noyp +4 - Np). In general, a dynamic bus encoding scheme transmits an N-bit
word in any cycle using one of (at most) 2" encoding modes on the N signal wires and

indicates the chosen mode to the receiver by setting the value of m extra control wires
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Wem—1.Wem—2.-- -, We1,We o). In Bl the encoding modes are: (1) ORG: the original
word as is (W, o = 0) and (2) INV: all bits inverted (W = 1). In OEBI, apart from ORG
(WeoWe1 = 00) and INV (W, oW, 1 = 11), there are two more encoding modes: (3) EVENI:
even bits (i.e., those at even-numbered positions in the word) inverted, rest unchanged
(WeoWe1 = 01) and (4) ODDI: odd bits inverted, rest unchanged (W, oW, 1 = 10).

At the beginning of a cycle, dynamic encoding schemes evaluate a bus energy metric
for each encoding mode they support by comparing the current value (for both signal and
control wires) on the bus with the new bit pattern to be transmitted, and then choose the
mode that minimizes the metric. In general, a dynamic bus encoding scheme transmits an
N-bit word in any cycle using one of (at most) 2™ encoding modes on the N signal wires
and indicates the chosen mode to the receiver by setting the value of m extra control wires
Wem—1Wem—2,-..,We1,We). In Bl the encoding modes are: (1) ORG: the original
word as is (W, o = 0) and (2) INV: all bits inverted (W, = 1). In OEBI, apart from ORG
(WeoWe,1 = 00) and INV (W, gW,. 1 = 11), there are two more encoding modes: (3) EVENI:
even bits (i.e., those at even-numbered positions in the word) inverted, rest unchanged
(WeoWe1 = 01) and (4) ODDI: odd bits inverted, rest unchanged (W, oW, 1 = 10).

At the beginning of a cycle, dynamic encoding schemes evaluate a bus energy metric for
each encoding mode they support by comparing the current value (for both signal and control
wires) on the bus with the new bit pattern to be transmitted, and then choose the mode that
minimizes the metric. In BI, the metric is self activity (Ng), and so it attempts to reduce
self energy by choosing the mode (ORG or INV) that will minimize Ng in a cycle. In OEBI,
the metric is coupling activity (No. p +4N7), and so it attempts to reduce coupling energy.
When the encoding mode used in a cycle differs from that used for the last transmitted value,
the bus transition activity is altered relative to that in the original traffic, and this signifies
that an energy-metric-saving mode has been triggered. This, however, does not necessarily
mean bus energy is saved if the metric is different from Ng+ R- (Ngoyp +4- Np), which is

true for all previous schemes [65, 88, 82, 66, 83, 156].

113



Thus, in a dynamic encoding scheme, there are three sequential steps processed in hard-
ware at the beginning of every cycle before a word is transmitted: (1) generation of bit
patterns for all encoding modes supported, (2) metric calculation for these bit patterns, and
(3) comparison and selection of the best bit pattern based on the metric and the setting
of control wire(s) appropriately. This adds to the overall bus latency: the number of logic
levels required for these steps is O(N + m) to O(logy(N + m)) depending upon the hard-
ware topologies (linear or tree, respectively) used for counting and/or metric calculation (to
determine Ng or N¢), and comparison (to select the best encoding option).

Among previous schemes, only PBI and PHE bus encoding schemes account for value
characteristics of the data stream. PBI uses a greedy algorithm to select a subset of, possibly
non-contiguous, bus lines and applies BI to it, while the other bus lines remain uncoded.
However, since it uses a heuristic approach, PBI does not fully maximize the frequency of
energy-metric-saving modes for BI over the entire bus, and it also does not take into account
coupling energy while selecting the BI subset. In contrast, partition hybrid encoding (PHE)
[85], splits the bus into disjoint partitions and the most energy-efficient encoding scheme
from among a collection of schemes—we consider bus invert (BI) [65], odd/even bus invert
(OEBI) [66], and not encoding as the possible options, but any other collection of schemes
can be considered—is independently applied to each partition. However, PHE is limited to
a set of contiguous bits. In addition, both technique do not explore possible permutation of
bits and bit line which significantly impacts coupling energy. In the next section, we present

our new encoding technique that addresses the above limitations.

6.3 Simultaneous Bit Ordering and Dynamic Encoding

In comparison to static encoding scheme, described in the previous chapter, the design on
dynamic encoding scheme depends on grouping words which are likely to use the same

encoding modes. The encoding mode chosen for each group represents a set of bits to be
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inverted during transmission of that word. The symmetric difference between any two set of
bits is not null. Choosing an encoding mode for a group of words is similar to the design of
a static encoding scheme. The ILP formulation presented for the dynamic encoding scheme,
choses encoding modes based on transition characteristics of each group and between groups.
The dynamic encoding schemes obtained is then used to re-label data based on the encoding
mode chosen. The ILP process of identifying the encoding modes is repeated until the

classification error is below a pre-defined threshold.

6.3.1 Initial Classification Through Clustering

The words in a trace can initially be grouped or classified randomly. However, this could
increase the number of iterations required to reach the final solution. Hence, we use k-means
clustering algorithm to group different transition patterns that occur in a given cycle using
Hamming distance as our metric. The centroid for each cluster is then used as encoding
modes to classify the words in the trace.

Due to the size of our trace files (where each benchmark has a few million entries), we
randomly selected 50,000 words from each benchmark. Though Hamming distance was the
best available metric readily available, it is a poor choice, especially for wide buses carrying
correlated data. For example, in 64-bit data bus where very few bits transition in a given
cycle, the clustering algorithm would group two words with no common transition bits into
a single cluster. To overcome this problem we weighted each entry based on the number of
transitions in that word and the frequency of such occurrence in the trace. Hence, words
with 2 transitioning bits would be weighted based on the frequency of words with two bit
transition. The k-mean clustering algorithm was repeated 5 times or until the number
of times optimal solution was found was greater than 2. During each iteration, the EM
(expectation-maximization) algorithm was run 1000 time. The k-means clustering approach
is described by Algorithm 6.1 uses the C clustering library [169].

In dynamic encoding schemes the energy dissipated on the control lines could be sig-
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Algorithm 6.1 K-means clustering algorithm to classify data

1: nrows = 1,300,000 //Selected 50,000 words from each benchmark.
2: ncolumns = bus width

3: nclusters = 2™ //2"™ is the number of encoding modes.

4: npass = 1000 //Number of times EM is run.

5: freq|i] //frequency of i-bits transitioning in the trace.
6: for i =1 TO nrows do

7. weight[i] = freq[transitions(datal[i])]

8: //transitions(datali]) returns the number of bits transitioning

9: end for

10: repeat

11:  k-mean(nclusters, nrows, ncolumns, data, weight, npass, ifound)
12: 1ter++

13: until (ifound > 1) and (iter > 5)

nificant. Hence, assignment of labels to a group, or control line value transmitted play a
significant role in the efficacy of the dynamic encoding scheme. The labeling was chosen
such that the number of self and coupling transitions on the control lines were minimized
in the training trace. Since, the number of permutations for mapping the label to a group
(which is 2™!) is small for m = 1 or m = 2, the problem was solved by examining all possible

options.

6.3.2 ILP Formulation

Each bit can either transmit the original uncoded value or it’s inverted form in an encoding
mode. Hence, number of ways to signal a bit is 92" For, m = 1, the encoding modes
in the dynamic encoding scheme are £0 and E1 and the signaling choices for a bit is S =
{00,01, 10, 11}, where 00 indicates that the bit is always transmitted in the original uncoded
form in both encoding modes, while 01 indicates that the bit is inverted if encoding mode
FE0 is chosen. Similarly, 11 indicates that the bit is inverted in both encoding modes, while
10 indicates that the bit is inverted when encoding mode E1 is chosen. Hence, the ILP for

the dynamic encoding scheme is formulated as follows:
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Minimize

> {clip ) - wlip jg)} (6.1)

VC(Zp,jq) eV

subject to:

2 (ip, jq) € {0,1}, V(ip,jq) €V, (6.2)

quEV Vp es

VjpEV Vp es

> Azl = Y {2Gg i)} Vip €V, (6.5)
VigeV VigeV

Equation 6.1 is the objective function of the ILP, where c(ip, j;) represents cost of placing

bit ¢, signaled using scheme p, and j, signaled using scheme ¢ are place next to each other,
x(ip, jq) indicates if the edge is included in the final solution. Equation 6.2 restricts x(ip, jq)
to a binary value. The minimum cost Hamiltonian cycle is obtained by solving multiple
smaller ILP’s and eliminating subtours from previous iteration, as discussed in the previous
chapter. The dynamic encoding scheme obtained is then applied to the training traffic and
the words are relabeled based on the encoding mode chosen. The accuracy of the classification
can be based on percentage of words that were re-labeled or the energy reduction obtained

w.r.t previous iteration.

6.3.3 Improving ILP Run Time

For, m = 2, the number of signaling choices per bit was 16 which resulted in a very large

ILP problem with over a million variables for a 64-bit bus. Hence, we employed heuristic
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approaches to find a suitable Hamiltonian cycle that was close to optimal. The solution
obtained was within 3% of the energy for the optimal solution. The proposed solution
provided solutions in a matter of minutes compared to finding the optimal solution which
could take a few days. The approach presented first solves the bit ordering problem before
finding the signaling scheme for each bit. The bit ordering problem is solved using a cost
matrix C, where C(i,j) = levn (c(ip, jg))- Once, the bit ordering problem is solved, the

3

signaling problem is solved.

Algorithm 6.2 Heuristic approach to find a near-optimal Hamiltonian path.
. for all C(i,j) do
Ci) = min (c(ip. o)

)

[N

end for

//MCBO is minimum cost bit ordering problem discussed in previous section.
//border is bit ordering obtained.

border = SolveMCBO(C, bus_width)

//MCS is minimum cost bit signaling problem discussed in previous section.
Sig = SolveMCS(c, border, bus_width)

6.4 Results and Discussion

6.4.1 Energy Optimized Dynamic Encoding Scheme

In this section, we present results for our bus dynamic encoding scheme for two control
lines, accounting for energy dissipated on the additional bus lines. We designed out dynamic
encoding scheme with two control lines because odd-even bus invert OEBI [66], an existing
encoding technique, employs two control lines. The dynamic encoding scheme was based
aggregate traffic characteristics of the primary sample of all 26 SPEC benchmarks and its
efficacy tested by applying the scheme to the secondary sample of all 26 benchmarks. The
cost function for energy dissipated between two bits as discussed in the previous chapter.
The dynamic encoding scheme optimized using this approach, also know as workload-specific

optimization, is compared against BI, OEBI, and PHE. All energy results are in the form
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of normalized bus energy, where energy components for each benchmark is normalized w.r.t.
the energy dissipated on the original uncoded bus for that benchmark.

Across the benchmarks, we found the average energy savings for BI to be only 1.85% and
3.28% for the data and instruction buses, respectively. The reason for these meager savings
is the relatively small number of self transitions per word transmitted in the original uncoded
bus. In comparison, average energy savings for OEBI were 0.63% and 10.45% for data and
instruction buses, respectively. We can see that OEBI works effectively for 32-bit instruction
bus while preforming poorly on wider 64-bit data bus. It should also be noted that BI uses
only one control line while OEBI uses two control lines. Meanwhile, for PHE, a value-aware
encoding scheme, the energy savings for two control lines were 10.96% and 12.56%. However,
the dynamic encoding scheme obtained through the ILP approach yield an energy savings of
15.04% and 19.55%, which is 2-8 times better than BI and OEBI, and 1.5-2 times better than
PHE. The energy savings for our dynamic encoding scheme across benchmarks is presented
in Figure 6.1 and Figure 6.2 for data and instruction traffic, respectively. It should also be
noted that our dynamic encoding scheme performs 1.5-2 times better than the static encoding
scheme presented in the previous chapter. In addition, compared to static encoding scheme
the energy savings is positive for each benchmark as additional encoding modes allows a

dynamic scheme to adapt better to changing traffic characteristics.

6.4.2 Average Delay Optimized Dynamic Encoding Scheme

The performance optimization employs a heuristic approach to eliminate the worst-case
crosstalk scenarios and reduce the number of cycles required for transmission. The cost
function for performance optimization was discussed in the previous chapter. To show the
efficacy of our dynamic encoding scheme for performance optimization, we aggregated the
statistics from the primary sample of all 26 benchmarks and applied the scheme to the
secondary sample of each of the benchmark. The proposed technique was able to eliminate

16.81% and 24.00% of the cycles for data and instruction traffic, respectively. The impact of
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performance optimization on individual benchmarks are shown in Figure 6.3 and Figure 6.4,
for data and instruction traffic, respectively.

While dynamic encoding works significantly better than static encoding scheme in reduc-
ing the number of worst-case crosstalk cycles for instruction traffic, the dynamic encoding
scheme for data traffic was able to eliminate 16.81% of the cycles compare to static encoding
scheme which was able to eliminate 21.24% of the cycles. This is because the set of bits
inverted in a given cycle is restricted by the number of encoding modes. However, unlike
static scheme dynamic encoding scheme is able to adapt to changing traffic characteristics
and performs well across benchmarks for both data and instruction bus. In comparison,

static encoding scheme has a negative impact on some benchmarks.
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Effect of DEBO on Energy Components for
Workload-Specific Optimization of Data Bus
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Figure 6.1: Workload-Specific Optimization of Data Traffic: Bus energy of SPEC CPU2K benchmark programs, using
simultaneous bit ordering and dynamic encoding (DEBO) scheme and w.r.t original uncoded bus energy of that program sample.
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Effect of DEBO on Energy Components for
Workload-Specific Optimization of Instruction Bus
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Figure 6.2: Workload-Specific Optimization of Instruction Traffic: Bus energy of SPEC CPU2K benchmark programs,
using simultaneous bit ordering and dynamic encoding (DEBO) scheme and w.r.t original uncoded bus energy of that program
sample.
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Effect of DEBO on Crosstalk Classes for
Workload-Specific Optimization of Data Bus
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Figure 6.3: Workload-Specific Performance Optimization of Data Traffic: Percentage reduction in cycles with respect
to original uncoded bus (ORG) using simultaneous bit ordering and dynamic encoding (DEBO) for secondary sample of SPEC
CPU 2000 benchmark programs.
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Effect of DEBO on Crosstalk Classes for
Workload-Specific Optimization of Instruction Bus
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Figure 6.4: Workload-Specific Performance Optimization of Instruction Traffic: Percentage reduction in cycles with
respect to original uncoded bus (ORG) using simultaneous bit ordering and dynamic encoding (DEBO) for secondary sample
of SPEC CPU 2000 benchmark programs.
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Chapter 7

Low-Power Adaptive Encoding for

On-Chip Interconnects

7.1 Introduction

Efforts to reduce energy dissipation, particularly in long global address, instruction, and data
buses, is becoming increasingly important in nanometer-scale technologies as interconnects
continue to aggravate performance, power, and cost concerns. More than 50% of the total
dynamic power dissipation in Intel processor was due to interconnects [7] and this is expected
to rise to in modern architectures, such as multi-core, system-on-chip (SOC), and network-
on-chip (NOC) [8].This increased energy /power dissipation also has an adverse effect on the
temperature, reliability, performance, and cost of digital ICs. With technology scaling, the
aspect ratio of global interconnects has been gradually increased to check growing resistance
and delay of wires relative to those of transistors. However, this causes coupling capacitance
between adjacent bus lines to become more pronounced. Solutions like introduction of low-k
dielectrics between global interconnects layers can reduce coupling capacitance to some de-
gree but are not sufficient. Further, introduction of low-k dielectrics aggravates the problem

of wire self-heating [11].
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Dynamic bus encoding is a widely-used approach exploiting the data-dependent nature of
bus dynamic energy dissipation in which data is transmitted in an encoded form to save en-
ergy. Since real-world workloads cause bus traffic that exhibits significant spatial, temporal,
and value locality, encoding schemes that exploit the characteristics of such correlated traffic
can be very effective in improving bus energy efficiency. However, most existing low-power
bus encoding schemes [65, 66, 88], which typically save energy by fully or partly inverting
bus data opportunistically in selected cycles to reduce bus switching activity, are oblivious of
these characteristics, and are effective only for random or worse-case (highly-changing) traf-
fic. For realistic correlated data streams and, especially, wide (e.g., 64-bit or more) buses,
these encoding schemes do not provide appreciable benefits since energy-saving encoding
modes are not triggered frequently [86, 85].

Though value-aware dynamic encoding techniques [88, 85] have been proposed to ex-
ploit these traffic characteristics, dynamic encoding in general is limited by the number of
encoding modes chosen at design-time. Hence, dynamic encoding schemes can degrade int-
erconnect energy if traffic characteristics are vastly different from design-time assumptions.
Due to temporal, spatial, and value locality only a small fraction of the possible values arise
frequently during program execution [91, 170, 171, 172]. Hence, adaptive dynamic encoding
scheme designed to choose encoding modes based on traffic characteristics can be far more
effective than dynamic encoding schemes with static encoding modes. Previous adaptive
dynamic encoding techniques were based on a small cache [91, 92| storing previously trans-
mitted value or based on look-up table (LUT) [173] which load a predefined set of values
before program execution. However, these techniques are limited to reducing self-transition

and/or applicable to either data or instruction traffic.

7.1.1 Key Contributions and Results

In this chapter, we present an adaptive encoding scheme (AES) that maximizes energy

savings by adapting the encoding mode based on traffic characteristics. The encoding modes
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are stored in a small cache structure where each encoding mode indicates a set of bits to be
inverted if that encoding mode is chosen. We present a novel replacement policy, based on
partial-matches, where least recently used (LRU) encoding mode is replaced, when Hamming
distance between data transmitted and encoding mode chosen to transmit the data exceed a
certain threshold. The control information is also transmitted in a novel way where encoding
mode is indicated using least recently used index rather than the index of the cache location
where the encoding mode is store in order to reduce transition activity.

The efficacy of the AES approach depends on number of control lines (or encoding modes)
and the threshold for the replacement policy. The number of encoding modes and threshold
for the AES is determined using data collected from real-world programs, such as SPEC
CPU2K benchmarks, executed using SimpleScalar/Alpha microarchitectural-level simulator.
The AES scheme was tested on secondary traffic of each benchmark was able to reduce
30.90% of interconnect energy on data bus and 30.27% on instruction bus. In comparison,
dynamic encoding schemes such as partitioned hybrid encoding (PHE) [85] was able to reduce
only 29.55% and 24.22% for data and instruction buses, respectively, for program-specific
optimization, where the encoding scheme designed using a benchmarks primary sample was
applied the same benchmarks secondary sample.

Next, in Section 7.2, we present related work. Then, describe our approach to designing
adaptive encoding scheme (AES) in Section 7.3 and discuss our results in Section 7.4. Finally,

we conclude in Section 7.5.

7.2 Related Work

Adaptive or cache-based encoding schemes employs a cache structure to collect traffic char-
acteristics based on history and determine efficient ways to transmit data. Though most of
the works in data encoding address interconnect energy, earlier work addresses performance,

area and throughput of buses, especially address buses, through the use of cache-based en-
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coding schemes, such as dynamic base register caching (DBRC) and bus expander (BE)
(67, 68]. These techniques used small compression caches at the sending end and register
files at the receiving end of a processor-to-memory address bus and were first proposed to
reduce off-chip bus widths (area) and pin count. These techniques were subsequently used
in compression of on-chip instruction and data streams [69] to improve throughput. These
compression techniques were also extended to address interconnect delay [70] and energy [71].
These cache-based encoding were also shown to be relevant particularly in the context of
Network-on-Chip where interconnect is expected to dominate overall chip energy [8, 72, 73].
A perspective for optimizing performance, energy, and area/cost of these techniques were
shown to yield significant improvements for address buses which were expected to be more
pronounced for future technologies [74]. The DBRC was also extended to improve cost and
performance, by exploiting value-characteristics, where partial matches in cache rather than
a complete match were required for compression [75].

Cache-based adaptive encoding techniques, proposed for low-power interconnect design
91, 92], where reference values were updated based on traffic characteristics. However,
to reduce encoder/decoder overhead due to the replacement policy, look-up table (LUT)
based approaches were also proposed [173, 93, 89], where predefined reference values for
a program were loaded before execution. However, cache-based adaptive encoding scheme
reduces switching activity more effectively than LUT based approaches [91]. In addition,
most of these adaptive techniques were proposed in the context of instruction, address or

data bus.

7.3 Cache-Based Adaptive Encoding Scheme

Information transmitted in microprocessors show high degree of correlation across programs
as well as across different phases of a program, due to the presence of temporal, spatial,

and value localities. Temporal locality describes the likelihood that a recently referenced
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item will be referenced again soon, while spatial locality describes the likelihood that a
close neighbor of a recently referenced item will be referenced soon. Value locality, on the
other hand, refers to the likelihood that a value produced by an instruction is the same as
a value produced by another recently executed instruction. Hence, cache-based adaptive
encoding schemes can be used to address major interconnect design concerns, by exploiting
value locality in data traffic, and temporal and spatial locality in instruction traffic. The
effectiveness of cache-based adaptive encoding scheme depends on the replacement policy,

and size of the cache.

7.3.1 Signal and Control Line Transmission

The adaptive encoding scheme (AES) evaluate all encoding modes stored in the cache and
identifies the mode that minimizes the interconnect-metric being addressed. While most
cache-based encoding schemes use the cache index to indicate the control line scheme for
the control line scheme we use the LRU index maintained both at the sender and receiver to
signal the control line. Since, most recently used encoding mode is likely to be chosen, due to
locality in programs, the LRU index with fewer ones could reduce the number of transitions

that occur on the control line.

7.3.2 Cache Replacement Policy

The cache replacement policy influence how encoding modes dynamically adapt to changing
traffic characteristics. Our cache replacement policy depends on how closely words are related
to each other. The word to be transmitted is XOR’ed with each entry in the cache (equivalent
to inverting a set of bits) and the most energy-efficient word is chosen for transmission. If
the number of ones in the encoded word is less than a certain threshold then the cache access
was considered a hit and the LRU indices’s are updated based on the cache entry chosen, as
shown in Figure 7.1. In case of a miss, the most energy efficient code is transmitted and the

least recently used entry is replaced with original uncoded word that was transmitted and
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LRU index updated LRU entry replaced after cache miss

after each transmission with word that caused the miss
(100101101100 (000001101101 f—— Next Word
| Uncoded word | |
Adaptive Encoder Adaptive Encoder Adaptive Encoder
Cache L Cache % Cache
100100101100 |01 | | 100100101100 |00 | |© 100100101100 |01
000100111111 (11| | A 000100111111 | 11 4\7 » 000001101101 |00
111100111100 {00 | 111100111100 {01 | 111100111100 |10
100111101110 |10 100111101110 |10 100111101110 |11
] Encoded word ] B
(000001000000 01 | [100101000001] 01 | | Encoded Word |

Figure 7.1: Adaptive encoding scheme showing how data is encoded using LRU index and
how cache state is updated after a hit or a miss in each cycle.

the LRU index of the new entry set to zero. All other LRU indices’s are updated accordingly.

7.4 Results and Discussion

In this section, we present results for our adaptive encoding scheme (AES) accounting for
energy dissipated on the additional bus lines. The replacement threshold value and cache
size were based on aggregate traffic characteristics of the primary sample of all 26 SPEC
benchmarks and its efficacy tested by applying the scheme to the secondary sample of all
26 benchmarks. Figure 7.3 and Figure 7.2 shows the impact of replacement threshold and
cache-size on energy savings of data and instruction traffic, respectively.

Energy savings across benchmarks for partitioned hybrid encoding (PHE), a value-aware
dynamic encoding scheme was 25.43% and 28.64% for data and instruction buses, respec-
tively. The results were obtained using program specific optimization, where PHE was op-
timized based on traffic characteristics of the primary sample of each individual benchmark
and test on the secondary sample of that benchmark. We use program-specific optimization
results of PHE because they are equivalent to LUT-based adaptive encoding where the en-

coding modes for PHE are values loaded into the look-up table before program execution.
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In comparison, cache-based adaptive encoding technique with six control lines (which is the
number of control lines used by PHE for instruction traffic) provides an energy savings of
30.90% and 30.27% for data and instruction traffic, respectively. The PHE data bus uses
on average uses 16 control lines; however, we notice that our AES scheme provides better
savings with fewer control lines. The energy savings across the programs are shown in Fig-
ure 7.4 and Figure 7.5 for data and instruction buses, respectively. In addition, the energy
savings for AES instruction bus was in excess of 40% while the maximum energy savings
realized by PHE was less than 30%.

Although AES schemes can be extended to exploit bit ordering we notice, for data traffic,
that the energy savings of AES with two control lines is better than the dynamic encoding
and bit ordering (DEBO) scheme presented in the previous chapter. The AES was able to
reduce 30.00% of the self transitions compared to only 7.5% by the dynamic encoding and
bit ordering scheme. This reduction is self transition helped reduce coupling energy which

depends on the self-transition activity of two adjacent neighbors.

7.5 Conclusion

In this chapter, we presented a new adaptive encoding scheme (AES) in which encoding
modes dynamically adapt to changing traffic characteristics to minimize interconnect en-
ergy. In contrast, previous adaptive encoding schemes were designed to work only for data
or instruction traffic and did not account for coupling energy dissipation, while dynamic en-
coding technique cannot adapt to changing traffic characteristics. Hence, average bus energy
savings across SPEC CPU2k benchmarks obtained using AES are in excess of 34% and 40%
for both data and instruction buses, respectively. Compared to these results, energy savings

using PHE was less than 30% over the same benchmarks for both data and instruction buses.
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Impact of Replacement Threshold on
AEDS Energy Saving for Data Bus
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Figure 7.2: Effect of replacement threshold on the effectiveness of adaptive encoding scheme
in reducing interconnect energy for data and instruction traffic, respectively.
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Impact of Cache Size on ADES
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Figure 7.3: Effect of cache size on the effectiveness of adaptive encoding scheme in reducing
interconnect energy for data and instruction traffic, respectively.
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Effect of Adaptive Dynamic Encoding Scheme

on Energy Components for Data Bus
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Figure 7.4: Data bus energy of SPEC CPU2K benchmark programs, using Adaptive encoding scheme with siz control lines and
replacement threshold value of four w.r.t original uncoded bus energy of that program sample.
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Effect of Adaptive Dynamic Encoding Scheme
on Energy Components for Instruction Bus
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Figure 7.5: Instruction bus energy of SPEC CPU2K benchmark programs, using Adaptive encoding scheme with siz control
lines and replacement threshold value of two w.r.t original uncoded bus energy of that program sample.
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Chapter 8

Conclusion

In this dissertation, we presented our research on value-aware multi-objective design for
on-chip interconnects for current and future nanometer-scale technologies. We addressed
three key interconnect issues (energy, performance, and temperature) using our ILP-based
value-aware framework. Key contributions, results, and future work are described in this

chapter.

8.1 Contributions and Key Results

In Chapter 4, we presented the efficacy of value-aware interconnect design by implementing
two interconnect design techniques (dynamic bus encoding and wire spacing) based on traf-
fic characteristics to maximize energy savings. The effectiveness of both techniques depends
on additional area overhead available to accommodate additional signal wires or increased
inter-wire spacing. The partitioned hybrid encoding scheme (PHE) designed using workload-
specific optimization reduced interconnect energy by at most 22% and 24% for data and in-
struction buses, respectively. While, for value-aware wire spacing (VAWS), energy reduction
was 39% and 25%, respectively, for area overhead comparable to PHE. The area overhead
for energy-optimal PHE was 28% and 18% for data and instruction buses, respectively. For

data bus we observed that the decrease in PHE energy was less than 0.02% for every addi-
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tional control line beyond the first 10. Hence, VAWS performs better than PHE, however for
lower area overhead the energy savings for both techniques were comparable. VAWS could
increase Joule heating due to decreased metal to dielectric ratio which degrades wire delay
and electromigration reliability. On the other hand, bus encoding techniques can be applied
to current and future interconnect-technologies and can be used to address performance,
energy, or reliability.

In Chapter 5, we presented an integer linear programming (ILP) framework to design
a static encoding scheme that can address multiple interconnect objectives, simultaneously.
The ILP framework was used to design a static encoding scheme where each bit was signaled
using a static signaling scheme, selected from a group of signaling options, while simulta-
neously choosing a bit permutation based on bus traffic characteristics. The simultaneous
bit ordering and signaling (SBOS) scheme optimized for energy was able to provide energy
savings of 7.5% and 15% for data and instruction buses, respectively. We also presented a
novel way to reduce the number of cycles with worst-case crosstalk to improve the perfor-
mance of variable cycle transmission bus. The performance optimized SBOS designed for
variable cycle bus transmission able to reduce the number of transmission cycles by 21.24%
and 10.90% for data and instruction buses, respectively. Using the steady state thermal
model we demonstrate that the peak temperature on the data bus using energy-optimal
SBOS for lucas benchmark was within 1°K., even though energy dissipation was reduced
by 24%. Using our proposed multi-objective approach for energy-temperature optimization,
we were able to reduce peak wire temperature by more than 1°K for around 2% increase in
optimal energy. Thus, showing the capability of our ILP-framework in addressing multiple
interconnect objectives.

In Chapter 6, we developed a dynamic encoding scheme where an encoding mode is cho-
sen, from a predefined set of encoding modes based on traffic characteristics, to minimize
interconnect design metric. We classify the transition patterns using clustering and deter-

mine our encoding modes and a single bit permutation for the dynamic encoding scheme,
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using the ILP-framework, to minimize our design objective. We reclassify transition patterns
in the trace based on the encoding mode chosen for transmission and obtained a new dy-
namic encoding scheme using the ILP. When the energy reduction between two consecutive
iterations was less than 1% this iterative procedure was stopped. To improve our overall
solution time, we also proposed a heuristic approach that provides near optimal dynamic en-
coding scheme. The dynamic encoding and bit ordering scheme (DEBO) was able to reduce
interconnect energy by 15.04% and 19.55% for data and instruction traffic, respectively. The
increased flexibility in encoding increases energy savings by 1.3-2 times compared to SBOS,
while having a positive impact on energy across all benchmark. The performance optimized
DEBO was able to eliminate 17.18% and 24.00% of transmission cycles for variable cycle
data and instruction buses. We see that increased encoding flexibility of dynamic encoding
improved the interconnect design metrics. While number of cycles reduced more than dou-
bled for performance optimized DEBO for instruction traffic, performance optimized DEBO,
on an average, performed slightly worse than the static scheme. However, DEBO being a
dynamic scheme was able to positively influence all benchmark, while SBOS degraded the
performance of some benchmarks.

In Chapter 7, we increased the encoding freedom by adapting the set of dynamic encoding
modes used to changing traffic characteristics. The adaptive dynamic encoding scheme
(ADES) which uses a small fully associative cache was able to reduce interconnect energy
34% and 43% for data and instruction traffic, respectively. This is significantly greater than
previous techniques, such as PHE and VAWS. Also, data bus using ADES performs better
than DEBO, for the same number of control lines overhead. However, DEBO for instruction
bus performs better than ADES for the same number of control line. However, most of the
energy savings in DEBO was realized through bit reordering.

Our work represents a significant advancement over existing interconnect design ap-
proaches that consider worst-case or random traffic conditions. We also show the impact

of encoding techniques on multiple interconnect objectives. In addition, our ILP-framework

138



provides an elegant approach to multi-objective interconnect design that can be easily inte-

grated with existing design tools.

8.2

Future Research Directions

Some potential future research directions are outlined next.

Combining the ILP framework for interconnect design with ILP-based approaches for
optimizing gate sizing, and threshold voltage assignment and providing a methodology

for chip design based on a single unified framework.

Extend ILP framework to design encoding technique for other architecture, such as
network-on-Chip, multi-core, or system-on-chip, where traffic characteristics are in-
fluenced not only by the data but by also network protocols and multiple programs

executing.

Model data dependent nature of newer interconnect technologies, such as carbon nano-
tubes, optical interconnect, 3D ICs to be incorporated into our ILP framework to design

an encoding.

Creating configurable interconnect intellectual property (IIP) blocks suitably optimized
for power, temperature, and crosstalk for user specified workloads, which can then be

easily synthesized by CAD tools.
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