CRIB: Consolidated Rename, Issue, and Bypass

by
Erika Gunadi

A dissertation submitted in partial fulfillment of

the requirements for the degree of

Doctor of Philosophy

(Electrical Engineering)

at the
UNIVERSITY OF WISCONSIN-MADISON
2010



© Copyright Erika Gunadi 2010
All Rights Reserved



Abstract

This thesis is motivated by the growing problem of power bottleneck in high-per-
formance CMOS processors. Recent and future nanometer CMOS technology processes
do not provide as good voltage scaling, eliminating the quadratic effect in reducing power
consumption across technology generation. Industry trend toward many-core processors
also further limit the power available for each core.

Chip power distribution shows that a large percentage of chip power is spent on
operand delivery. The power consumed by operand delivery is even larger than the power
needed for the execution itself. Thus, we propose to reconstruct the way out-of-order exe-
cution is done in order to eliminate power consumption by operand delivery. We propose
CRIB: Consolidated Rename, Issue, and Bypass as a solution to the power problem. Using
CRIB, out-of-order execution is done without explicit register renaming. By removing
explicit register renaming, several supporting structure needed for operand delivery can be
eliminated. Hence, power consumption related to operand delivery can be dramatically
reduced. CRIB also removes separation of data and dependency linking used in conven-
tional out-of-order machine, resulting in the removal of speculative scheduling. With the
removal of speculative scheduling, various cache optimizations that were not attractive for
conventional machine due to the added latency non-determinism can be employed.

Our detailed energy evaluation indicates that the average energy saving in the exe-
cution core for SPEC CPU 2006 integer and floating-point are 72% and 67% respectively
compares to a conventional out-of-order machine with a large instruction window. Adding
cache optimizations further increases the energy saving to 80% and 77% respectively.

Assuming that the front-end, clock-tree, and L2 cache consume 50% of total core power



and that the energy consumption for them remains constant, the energy saving translates
into 40% and 38% of core energy consumption. This energy saving is gained without
much performance degradation. Without cache optimization, CRIB’s IPC is 12% lower
than conventional out-of-order machine on average. However, with cache optimization,
the average IPC is 1% higher and 8% lower than a conventional out-of-order machines for
SPEC integer and SPEC floating point respectively, giving an average of only 3.5% slow-

down. CRIB also has smaller area for the affected structures.
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Chapter 1

Introduction

Computer architects face broad new challenges in sub-50nm CMOS technology.
Historically, power consumption in high-performance CMOS processors was only a sec-
ondary design constraints because supply voltage scaling across technology generation
had a quadratic effect that held power in check, even as frequency and device density
increased. Unfortunately, recent and future nanometer CMOS technology processes no
longer provide similar voltage scaling, leading to serious power bottleneck for aggressive
deeply-pipelined processors. Figure 1-1 shows the minimum operating voltage trend over
the year across generations of various process technology. While the process scaling con-
tinues, minimum operating voltage does not scale much from 90nm technology forward,

lingering around 0.8 Volts. One of the reason why V44 has been scaling slowly starting

from 90nm forward is leakage current control [41]. Leakage current is influenced by the

transistor’s treshold voltage, Vy,. A decrease in Vi, will result in exponential increase in
leakage current. With Vy, fixed, changing V4q simply trades off energy and performance.
The result is that from the 90nm technology forward, V44 has been scaling slowly, if at all.

Thus, we can no longer rely on process scaling to give us quadratic reduction of power.
While device density continues to increase, thermal, power delivery, and energy supply
constraints will severely complicate any effort to extract additional performance and func-
tionality from an abundant supply of on-chip transistors.

The industry trend toward many-core processors further exacerbates the power

budget problem. While the number cores in a chip keeps increasing, the chip power bud-
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FIGURE 1-1. Minimum Operating Voltage Trend.

get does not increase as fast if at all; which further limits the power budget available for
each core. Power density is also a big issue since more cores on a chip means more power
dissipation. While the process scaling is able to shrink the core area and to keep the area
the same despite the increasing number of cores, it is less successful in reducing the power
consumption per core. Thus power density and heat dissipation in multi-cores environ-
ment also pose a big problem.

The objective of this thesis is to reduce core power consumption without sacrific-
ing too much performance. It is successful in this regard, obtaining significant core power
reduction while maintaining comparable performance with a conventional out-of-order
processor. We provide details regarding our proposed implementation of CRIB: Consoli-
dated, Issue, Rename, and Bypass in this thesis. Power saving techniques have been pro-
posed abundantly in the past, both in academia and in industry. We summarizes those

techniques and elaborates their weaknesses in Section 1.1. Because we propose to recon-




struct the way out-of-order machines are designed, Section 1.2 takes a deeper look on con-
ventional out-of-order design and its problem. We summarizes the proposed technique in

Section 1.3. Last we present the research contributions made by this work in Section 1.4.

1.1 Power Saving Techniques

Architecture level power saving technique proposed in the past can largely be cat-
egorized into microarchitecture level and system level. Microarchitecture level power sav-
ing approaches usually focus on certain structures and try to reduce the power
consumption of the particular structure. However they usually have a side effect of reduc-
ing performance. While these approaches are usually able to reduce significant power con-
sumption on the particular structure they focus on, the power saving is diluted enough in
the chip level power consumption that it is not worth the performance degradation or the
added complexity. For example, a technique claimed to save 30% of instruction scheduler
power while having 5% performance impact would only save roughly 2%-3% of chip
power. Thus, its chip power saving is less than the performance impact it introduces. Even
though there have been many proposals in the past, they are rarely adopted by industry due
to the problem with power saving dilution in the chip level.

Power saving proposals focused on reservation station include instruction packing
[73], scalable low power issue queue [87], and SEED [60]. Proposals focused on the phys-
ical register file include register file port reduction [68][49][10], banked register file [86],
and narrow operand exploitation [53]. Work focused on data cache and load store queues
include cache way prediction [42][71][90], cache buffering [79][80][52][27], and load

store queues improvement [11][32]. These prior work is discussed further in Chapter 2.



System level power saving approaches usually rely on voltage and frequency scal-
ing. While it still reduces the performance, the power saved is usually larger due to the fact
that the technique is applied to the whole cores, rather than just to a specific structure. It is
usually the preferred power saving method by industry as the power performance trade-off
is very good. Voltage frequency scaling is able to provide up to cubic power saving rela-
tive to performance impact, i.e. 5% performance reduction could potentially save 15% of
power. However as we explained earlier, the minimum operating voltage has not been able
to scale down as much. Thus the margin for power reduction using dynamic voltage fre-
quency scaling is also getting more and more limited.

Industry have also started to use other approaches to cope with power budget prob-
lem. One approach is to have low power in-order cores rather power hungry out-of-order
cores as used in Sun Niagara [54] and Intel Atom [26]. While certain application domains
can tolerate low-power in-order cores by compensating for their low single-thread perfor-
mance with abundant thread-level parallelism, general-purpose systems still require the
single-thread performance and high instruction-level parallelism provided by aggressive
out-of-order processors. For this class of systems, an ideal many-core processor core
would provide the seemingly contradictory attributes of modest area, low power consump-
tion, high instruction-level parallelism, and competitive frequency.

In this thesis, we propose to fully reconstruct the way conventional out-of-order
machines are designed. Even though our approach is a microarchitectural approach, we do
not tackle one specific structure. Instead, we introduce a different way of doing out-of-
order execution. Thus our approach affects most structures in the execution core, resulting

in significant power saving even in the chip level. In order to understand the weakness of



conventional out-of-order design that has to be redesigned, we take a deeper look on the

design principle of conventional out-of-order machine in Section 1.2.

1.2 Conventional Out of Order Design

Conventional out-of-order designs have their origins in the earlier performance-
focused and device-poor era. At the time, power was not a problem and transistors were
expensive. These designs focused on maximizing utilization and reducing area, resulting
in a minimal number of heavily pipelined functional units. Register renaming was
employed to expose the underlying data flow graph’s inherent parallelism, while clever
scheduling algorithms efficiently time-multiplexed instruction execution on the precious
functional unit pipelines.

Register renaming is a technique to maintain true dependencies while relaxing
false dependencies. It allows independent instructions previously constrained by false
dependencies to execute in an out-of-order manner while enabling true dependent instruc-
tions to get executed in a back-to-back manner. While successful at extracting instruction
level parallelism and delivering excellent performance, conventional register renaming
requires various structures for operand delivery such as the register alias table, the reserva-
tion station, the payload RAM, the register file, and the reorder buffer. These structures are
constantly evaluating every cycle, resulting in significant power consumption. Tags and
data are moved from one structure to another while status bits are updated in different
places every cycle. Power is wasted to set up crossbars and port connections from one
place to another and to latch status and data between pipeline stages. Figure 1-2 shows the

diagram of structures needed to support operand delivery in the two most common register
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renaming approaches: architected register file (ARF) and physical register file (PRF)
machines. Dashed lines represent tag movement while solid lines represent data move-
ment. The diagram is also augmented with typical number of entries for each of the struc-
ture. It can be seen from the diagram that in its lifetime, an instruction need to move data
and tag multiple times on multiple structures, both in architected register file machine and
physical register file machine. To make it worse, some of these structures, such as the res-
ervation station, the payload RAM, and the bypass network, require associative search,
which often requires significant power consumption.

It is widely known that the actual power required to do the actual computation is
only approximately 10% - 15% of total chip power consumption. Figure 1-3 shows the

chip power breakdown for the Intel Pentium Pro [14]. As shown in Figure 1-3, power con-




Operand Delivery = 25.3%

Operand
Delivery

RAT 6.3%o,
RS 7.9%b,
PRF/ROB 11.1%

Pentium Pro Power Breakdown

FIGURE 1-3. Chip Power Breakdown.

sumption associated with the operand delivery can be as large as 25.3 % of the total chip
power. The 25.3 % of power consumption includes the power consumed by the register
alias table (6.3%), the reservation station (7.9%), and the reorder buffer (11.1%). While
the chip power breakdown in Figure 1-3 represents an older machine, we believe that
operand delivery structures in current generation machine consumes similar amount of
power if not more. To extract more instruction-level parallelism, current generation
machines such as Intel’s Nehalem have larger structures to support operand delivery, i.e.
Intel Nehalem has an 128-instruction window while Intel Pentium Pro has a 40-instruction
window. Thus the power consumed by these structures in newer machines should be at
least the same if not more than the percentage shown in Figure 1-3.

This thesis focuses on eliminating the redundancy introduced by these operand
delivery structures. From Figure 1-3, it can easily be seen that eliminating operand deliv-
ery structures would save 25% of chip power, which is quite significant. In a more aggres-
sive out-of-order machine that has larger operand delivery structures, eliminating these

operand delivery structures would save even more power.
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1.3 CRIB: Consolidated Rename, Issue, and Bypass

The primary goal of this thesis is to develop an alternative way to do out-of-order
execution where explicit register renaming is no longer necessary. By removing explicit
register renaming, supporting structures such as the register alias table, the reservation sta-
tion, and the reorder buffer can be eliminated. Eliminating those structures will result in
significant power reduction as those structures consume roughly 25% of total chip power
as shown in Figure 1-3. The functionality of those structures are consolidated into one
structure, the CRIB. Explicit register renaming is replaced with spatial renaming within
the CRIB. A large multiported physical register file is replaced by a small spatially-orga-
nized architected register file which consists of a simple rank of latches. Data forwarding
between instructions in the CRIB is accomplished without latches while keeping the
design fully synchronous by latching only the control bits. This work represents a signifi-

cant departure from prior microarchitectural power saving techniques that merely focused
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on one or a few structures in the out-of-order core.

Figure 1-4 shows the tag and data movement comparison between architected reg-
ister file style machine, physical register style machine, and CRIB. As shown, CRIB has a
much cleaner tag and data movement compared to the conventional out-of-order design.
Decoded instructions are inserted into CRIB from the front-end. The source tags are used
to grab source operands from the architected register file. The destination tag is used to
overwrite the destination register of the instruction. Once all instructions finish execution,
the results are latched back into the architected register file.

By consolidating many of the operand delivery structures, CRIB is also able to
remove several pipeline stages as shown in Figure 1-5. CRIB removes one pipeline stage
at the front-end because of the removal of explicit register renaming. At the out-of-order
window, CRIB removes issue stage and register file read stage and consolidate them in
one stage only, the execution stage.

Different from conventional out-of-order processors where dependence linking is

done separately from data linking, as illustrated in Figure 1-5, CRIB does dependence




linking and data linking together. A conventional out-of-order processor relies on specula-
tive scheduling where dependent instructions are scheduled before the result to be con-
sumed is ready. This speculative scheduling technique is vulnerable to non-determinism in
execution latency, such as in data cache latency. The most commonly used latency, hit
latency, is assumed to wake-up the dependent instructions. Upon a latency misspeculation,
the dependent instructions are replayed. These replays increase energy consumption and
cause performance degradation. The speculative scheduling has made many cache
improvement techniques unattractive due to additional non-determinism in latency that
these techniques often introduced.

CRIB, on the other hand, does not separate dependence and data linking. In other
word, CRIB does not rely on speculative scheduling to wake-up dependent instructions.
Thus, CRIB is able to use cache improvement techniques without much effect. In this the-
sis, we pair CRIB with cache-banking for additional bandwidth. Because CRIB mostly
reduce power consumption in the execution core, we also revisit and employ cache line

buffering [79][80][27] to further reduce power in data cache.

1.4 Thesis Contributions

The research presented in this thesis makes the following contributions:

» Elimination of explicit register renaming: We propose a mechanism to allow
out-of-order execution without explicit register renaming. Instead, spatial renam-
ing is used to relax false dependencies and enforce true dependencies.

» Consolidation of operand delivery structures: We propose to consolidate oper-

and delivery structures such as the reservation station, the reorder buffer, and the

10



bypass network into one structure, the CRIB.

Aggressive reordering of store-load instructions and selective re-execution of
mis-ordered load instructions: Conventional out-of-order processors use com-
plex predictor to predict if a load instruction can be ordered aggressively with
respect to earlier stores. Mis-speculated load instructions trigger a flush for recov-
ery, while false positive predictions will hinder the performance improvement that
potentially be gained using this predictor. CRIB allows selective re-execution of
mis-ordered load instructions because of the nature of its data dependency linking.
Because the recovery mechanism is very light weight, CRIB can do aggressive
reordering without the help of complex predictor. This aggressive reordering also
helps to avoid false positive predictions that inhibit reordering unnecessarily.
Light-weight maintenance of branch misprediction recovery and precise
exceptions: Branch misprediction recovery and precise exception handling require
complex mechanisms in conventional out-of-order machines, ranging from check-
pointing mechanism, retirement rename table, and reorder buffer unrolling. In
CRIB, branch misprediction and precise exceptions can be handled using a single
signal to nullify all the younger instructions. The positional nature of the CRIB
will then produce the precise architecture state after nullifying all the younger
instructions.

Development of control pipelining: We develop a mechanism to remove latches
from the datapath. The design is kept fully synchronous by pipelining the control
bits only. Because the control path is fairly simple with much less latency in com-

parison to the datapath, deep pipelining can be applied aggressively without suffer-
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ing the overhead of regular pipelining.

» Consolidating data and dependency linking: Unlike conventional out-of-order
design, data and dependency linking is not separate in CRIB. This notion allows
CRIB to employ cache improvement techniques that were deemed unattractive for

conventional out-of-order design.

1.5 Thesis Organization

This thesis is organized as follows: Chapter 2 presents a detailed overview of prior
work on register renaming and physical register file improvement techniques, distributed
architectures, and cache power saving techniques. Chapter 3 discusses the experimental
methodology used to collect the data that appears in this thesis, both architectural model-
ing for cycle-level performance / energy analysis and physical modeling for access
latency, access energy, and area analysis. Chapter 4 explains the concept of CRIB in detail
and how the CRIB is extended into a fully-functional core. Chapter 5 describes the design
and implementation of CRIB. A detailed experimental evaluation of CRIB is presented in
Chapter 6. Finally, Chapter 7 concludes this thesis and present additional avenues for

future research.
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Chapter 2

Related Work

This chapter is divided into five sections. Section 2.1 addresses various proposals
on register renaming and physical register files. Section 2.2 considers proposals that
remove large centralized structures and replace them with smaller distributed units. Sec-
tion 2.3 looks at related work using an array of execution unit to help speed-up instruc-
tions processing. Section 2.4 describes various proposals for improving dynamic energy

consumption and access latency on level-1 data cache.

2.1 Register Renaming and Physical Register File

Register renaming and the physical register file work together in enabling out-of-
order execution. As the heart of out-of-order execution, it is not surprising that register
renaming receives much attention from computer architects. Early work on register
renaming focuses more on the register renaming algorithm itself since the register renam-
ing algorithm has not fully matured, while more recent work focuses on making the phys-

ical register file more efficient.

2.1.1 Register Renaming

Register renaming algorithm was first introduced by Robert Tomasulo from IBM
in 1967, known widely as the Tomasulo algorithm [84]. It was developed to preserve pre-
cedence while encouraging concurrency by allowing instruction issue past false depen-
dences. Tomasulo algorithm utilizes a common data bus to broadcast results to multiple

structures and a simple tagging scheme to differentiate instances of the same register.
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When an instruction is issued, a tag is written to the register file corresponding to the loca-
tion producing the result, i.e. the reservation station entry. Anytime a result is broadcasted
via the common data bus, each register file entry compares its tag with the broadcasted
tag. An update is performed on a matching comparison.

Out-of-order execution as introduced by Tomasulo creates a new problem, which
is precise interrupts. Later on, Sohi and Vajapeyam [77] introduced the Register Update
Unit (RUU). In this work, RUU is used as a mechanism to solve dependency resolution
and to guarantee a precise state of the machine at the same time. In RUU, write-after-read
and write-after-write dependencies are resolved by assigning a version number to different
instances of the register, allowing independent instructions to be issued in an out-of-order
fashion. RUU can be thought of as a combination of a reservation station and a reorder
buffer. It is used to store all instructions dispatched into the window. Architected register
tags, together with counters / version numbers, are used to resolve dependencies and to
represent the latest instance of the register. The RUU monitors the result bus and register
update bus to get a copy of the non-ready operands. As an instruction becomes ready, it is
sent to the functional units. The result is sent back to the RUU via the result bus. As an
instruction commits, its result is sent to the register file via the register update bus.
Because the register file update is done in an in-order manner, RUU is able to guaratee a
precise state of the machine.

Another variation of register renaming is the block-structured ISA proposed by
Melvin and Patt [59]. Similar with [77] and [85], the main motivation of the work is to
eliminate write after read and write after write aliases and to exploit instruction level par-

allelism. Block-structured ISA introduces a new ISA that clusters instructions into an
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atomic basic block with help from the compiler. Logical registers are only used to commu-
nicate inter-basic block. Inside the basic block, register tags are renamed using temporary
physical register identifiers, allowing independent instructions previously limited by false
logical register dependencies to be issued in any order. Once the write-after-read and
write-after-write aliases are removed, the instructions are scheduled based on true data-
flow dependences. This work is similar in spirit with current register renaming
approaches. However, current register renaming approaches rename all logical register
identifiers into physical registers, not only the ones inside a basic block. The differences
are that 1) conventional renaming is done using a rename table rather than by the com-
piler, 2) valid logical register view is maintained per instructions boundary rather than per
basic block boundary, 3) checkpointing, a retirement rename table, or ROB rollback is
used to reconstruct valid logical register view on branch misprediction.

Prior register renaming work that is most similar to our approach is the Ultrascalar
by Henry et al. [36][37]. While similar in concept, Ultrascalar and CRIB have different
objectives that lead to differences in realizing the concept. The Ultrascalar objective is to
create an extremely wide-issue machine, while CRIB objective is power saving.

Ultrascalar is motivated by the fact that simply increasing issue width in today’s
microprocessors result in a quadratic increase in the delays through many circuits, thus
making future scaling of today’s designs problematic. Ultrascalar proposes an alternative
microarchitecture that scales well with issue width and window size. The Ultrascalar uses
a circuit-switched network to compile at runtime the dataflow graph for a dynamic
sequence of unrenamed instructions. The approach of removing explicit register renaming

and creating a dataflow graph at runtime from unrenamed instructions is similar to the
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CRIB concept. The unrenamed instructions are placed in a datapath, in which the producer
instructions are connected to the consumer instructions in a ring-like structure. Similar to
CRIB, the functional unit is also replicated for every instruction. However, Ultrascalar’s
datapath is fully synchronous. Execution results are latched on every unit. On the other
hand, CRIB removes latches from its datapath, relying simply on the synchronous control
path.

Another main difference between Ultrascalar and CRIB is the way the design is
scaled up. Due to the fact that UltraScalar always latches its register value, it takes n-
cycles for an execution result to travel from producer instruction to the consumer instruc-
tion if they are separated by n instructions. To reduce the delay, UltraScalar uses a com-
plex hierarchical switch network to scale up its datapath. With the switch network, the
delay to pass data from producer to consumer is now increasing logarithmically manner
rather than linearly. On the other hand, CRIB maintains the simple ring approach and uses
grouping of execution unit into a CRIB partition and a deep-pipelining approach to cut

down the dataflow latency.

2.1.2 Physical Register File

In the vein of making the register file allocation and deallocation more efficient, a
vast amount of prior work has also been done. These differ from our approach, which
eliminates the physical register file completely due to the removal of renaming. These
related works focus more on a better renaming and allocation algorithm. One objective of
these works is to relax the physical register file constraint since the physical register file is
considered as one of the design bottlenecks in current microprocessors. The other com-

mon objective is to save physical register file power.
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2121 Relaxing Physical Register File Constraint

Physical register file is one of the critical delay paths in a modern superscalar pro-
cessor. The demand for higher performance drives computer designers to deeper pipelines,
wider superscalar issues, and larger out-of-order windows to extract maximal instruction-
level parallelism. Simultaneous multithreading (SMT) that is commonly used to maximize
throughput also increases the demand for a larger physical register file. All these objec-
tives exacerbate the design of the physical register file, since the minimum number of
physical registers required is determined by the number of threads and the number of addi-
tional registers for inflight instructions. Farkas et al. [25] investigated the register file
requirements of dynamically scheduled processors using register renaming with the
SPEC92 benchmarks. Its finding is that roughly eighty registers are needed for a four-
issue machine with 32-entry issue queue. For an eight-issue machine with a 64-entry issue
queue, 128 registers are necessary. Farkas et al. [25] also claims that the increase of the
cycle time due to the increase of the physical register file can have a significant impact on
the overall performance going from a four-issue to an eight-issue machine.

Moudgill et al. [63] proposed one of the earliest works in the more-efficient regis-
ter renaming scheme. In a conventional register renaming scheme, the previous definition
of an instruction’s destination register is released at retire stage. Moudgill et al. [63] pro-
poses a more aggressive register reclamation. A physical register can be reclaimed as long
as the following conditions are true: 1) the value has been written, 2) all issued instruc-
tions that need the value have read it, 3) the physical register has been unmapped. The pro-
posal uses complete bits to track the register write, reference counters to track the readers

of the register, and unmap flags to know if a later instruction has remapped the register.
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While enabling a more efficient usage of physical registers, the proposed scheme
does not handle precise exceptions. It can happen that an instruction between the the
defining instruction and the last reader of the register throws an exception or a branch mis-
prediction while the physical register has been reclaimed and rewritten. In that case, the
register value is already gone and can no longer be recovered. Cherry [58] and checkpoint
processing and recovery (CPR) [7] combine the aggressive reclamation proposal [63] with
a checkpointing architecture to enable early recycling of physical register while maintain-
ing precise exceptions. Cherry [58] adds the following condition for early reclamation: 1)
the defining instruction and all the consumers must be executed and free of replay traps
and branch mispredictions, 2) the instruction that remaps / supersedes the register is not
subject to branch mispredictions. Cherry adds a superseded bit and a pending count for
every physical register. CPR [7] modifies the usage of reference counters in [63]. Rather
than incrementing the counter as readers enters the rename stage, CPR increments the
counter whenever a checkpoint is created. All physical registers belonging to the check-
point should not be released until the corresponding checkpoint is released. Thus, the
counters for all physical registers belonging to a checkpoint are incremented when a
checkpoint is created and decremented when the particular checkpoint is released.

Checkpointing mechanisms [7][58] enable the usage of aggressive reclamation
while maintaining precise state of the machine. However, these mechanisms still require
re-execution of the correct path when a branch misprediction or exception happens not on
the checkpoint boundary. To avoid re-execution, Gonzalez et al. [29] proposed multi-state
processor, a different mechanism to provide precise recovery of execution while enabling

the implementation of large-window processors with a large physical register file. Multi-
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state processor divides the physical register file into as many banks as the number of logi-
cal registers. Each logical register can only be renamed into its own physical register bank.
Within such a bank, physical registers are allocated and released in order. State control
table (SCT) manages the state of each physical register. Each SCT has a rename pointer
that points to the last allocated physical register and a release pointer that points at the first
physical register in the bank that cannot be released. A physical register cannot be released
if the value has not been produced or it has not been consumed by its reader. Each physical
register also records the number / state id of the instruction assigning it. A global last com-
mitted state (LCS) computes the oldest state Id of all the release pointers in each SCT. Any
stateld older than LCS can be committed. A change in LCS might commit multiple older
states at once. When a branch misprediction or exception occurs, the processor state is
reset to the stateld of the instruction. The recovery stateld is broadcast to all SCTs. All
physical registers with stateld greater (younger) than the recovery stateld are released.
Lipasti et al. [56] proposed Physical register inlining, which exploits the fact that
many register values are narrow-width and can be represented with only a small number
of bits. Those register values are stored directly in the map table, and the physical registers
allocated to them are released. A significance-checking logic that verifies whether or not
all n high-order bits of computation results are either ‘1’ or ‘0’ is added to the retire stage.
If the result is narrow, it is written to the rename table in the following stage. When a nar-
row value is written to the rename table, each checkpoint copy of the rename table con-
tains a stale pointer that points to that particular register. An eager approach is to update all
the checkpoint copy. Another way is to increase the reference counter to a particular regis-

ter whenever a rename table checkpoint that points to the register is created. A register is
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not allowed to be released when its reference counter is not zero. This physical register
inlining is applied together with the earlier aggressive reclamation [63] proposal to pro-
duce further performance improvement.

Ergin et al. [24] proposed Register packing that exploits narrow-width register val-
ues further by packing multiple results into a single physical register. Register packing
proposes two schemes. The first one is conservative and allocates a full-width register for
a computed result. If the computed result turns out to be narrow, the result is reallocated to
partitions within a common register, freeing up the full-width register. The second scheme
is more aggressive; it allocates register partitions based on a prediction of the width of the
result and reallocates register partitions when the actual result width is higher than what
was predicted. If the actual width is narrower than what was predicted, allocated partitions
are freed up.

Jourdan et al. [44] proposed to exploit the high level of temporal locality (result
redundancy) in result values using physical register reuse. Physical register reuse reuses a
physical location whenever it detects that an incoming result value matches a previous
one. This checking is performed during register renaming and requires some value-iden-
tify detection hardware. By mapping several logical registers holding the same value to the
same physical register, physical register reuse opens up the opportunity for sharing and
result reuse & dependency redirection. In sharing, the high level of value redundancy is
exploited to either reduce the physical register file size or to effectively enlarge the active
instruction window. In result reuse and dependency redirection, 1) result generation is
moved from the functional units to the register renamer, eliminating the processed instruc-

tions from the execution stream, 2) the responsibility of generating results is moved from
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one instruction to an earlier on in the instruction stream, possibly allowing dependent
instructions to be scheduled earlier.

While the prior work mentioned so far are proposing aggresive register reclama-
tion by exploiting various observable facts, virtual physical register [28][62] proposed a
late allocation of registers. Physical registers are allocated at the end of the execution
stage, rather than at rename stage as conventional processors do. However, deadlock can
occur when an older instruction executes and there are no more physical register to allo-
cate. In this case, younger instructions are not able to deallocate physical registers as their
retirement is blocked by the older instruction that cannot find a physical register to allo-
cate. Virtual physical register [28] solves the situation by guaranteeing that some number
of oldest instructions in the window will obtain a register when they reach the write-back
stage. The allocation scheme assigns registers to the oldest instructions in the window that
have a destination operand, while the rest of physical registers are allocated on-demand. A
later version of virtual physical register [62] changes the allocation policy during deadlock
situation by stealing the register allocated for the younger instruction and assigning it to
the older one. If there are more than one younger instruction with a register already allo-
cated, the youngest one will be chosen.

In an effort to continue execution far beyond a cache miss, kilo-processor [21] and
continual flow pipeline (CFP) [78] proposes a technique that dissociates 1) register release
from the instruction commit process and 2) register allocation from instruction renaming.
When instructions dependent on a cache miss enter the slice-data-buffer, physical register
numbers are used as virtual tags only. Instructions subsequently reacquire physical regis-

ters when they reenter the pipeline. Kilo processors also combines checkpointing, late
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allocation, and early release mechanism to create a physical register file that can support
thousands of in-flight instructions.

Oehmke et al. [66] proposed virtual context architecture (VCA) to give an illusion
of a machine with thousands of registers. In VCA, the physical register file is treated as a
cache of a much larger memory-mapped logical register space. An individual instruction
needs only its source operands and its destination register to be present in the register file
to execute. Inactive register values are automatically saved to memory as needed, and
restored to the register file on demand. The rename stage is modified to trigger the move-
ment of register values between the physical register file and the data cache by inserting a
load or a store instruction. Renaming in VCA is extended into a two stage process. First,
the source and destination register indices in the machine instruction are combined with
the thread’s context base pointer to generate memory addresses. The second stage of
renaming maps the logical register memory addresses to physical registers. The rename
table is modified to include tags like a cache because VCA maps registers from a large,
sparse space. A miss in the rename table indicates that there is no physical register map-
ping of the desired logical register. A free physical register is then allocated and the regis-
ter value must be read in from memory using a load instruction. If there is no free physical
register, a physical register already allocated to a different logical register must be freed
and the value is stored in the logical register’s memory location.
21.2.2 Reducing Physical Register File Power

One way to reduce physical register file power consumption is by reducing register
ports. Park et al. [68] proposed bypass hint to avoid unnecessary register file reads where

the values can be bypassed. Register file write port reduction is also used by pairing regis-
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ter file banking and decoupled rename. Decoupled rename is a technique to separate
dependence and physical tagging of register operands, thus avoiding bank conflict during
writeback. Kim et al. [49] proposed to use an auxilliary structure called Delayed Write-
back Queue (DWQ) to cache operands that are recently produced from the functional
units. The DWQ reduces the need for write ports as well as the peak need for read ports.
Balkan et al. [10] proposed to avoid writeback for transient values, values that are deliv-
ered to their consumers via the bypass network. Reducing the number of ports using mul-
tiple interleaved banks is also proposed by Tseng et al. [86].

Kondo et al. [53] proposed Bit-Partitioned Register File that exploit narrow width
operands. Register entries are partitioned into smaller width, resulting in more register
entries with smaller width. Multiple entries are allocated for one operand if its effective

bit-width is bigger than the bit-width of one entry. Otherwise only one partition is used.

2.2 Distributed Microarchitecture

In recent years, the concept of removing large centralized structures and replacing
them with smaller distributed functional units has been explored in Raw, TRIPS, and Wav-
escalar. Raw [88][55] microprocessors are made up of simple tiles, each with a portion of
the register set, a portion of the instruction and data cache, and one of the functional units.
These tiles communicate via a pipelined two-dimensional interconnect mesh. Each tile
contains a simple five-stage pipeline to maximize the clock rate and the number of tiles on
the chip. The hardware is fully exposed to the compiler to construct the schedule and spa-
tial placement for instructions. The main difference between Raw microprocecessors and

our proposal is that Raw machines still depend on register renaming algorithm to resolve
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data dependences. It compensates for the scalability issue of the register file by distribut-
ing it across many tiles, creating non-uniform register access latencies (NURA).

In a similar spirit, TRIPS [65][72] uses an array of ALUs, each with limited con-
trol, connected by a scalar operand network. Each array consists of instruction and oper-
and buffer, a functional unit, and router for input to and output from the array. With
support from the compiler, programs are divided into groups of instructions. Each group
occupies one array. Most data communication is done directly from producer to a con-
sumer without involving the register file, thus reducing the read and write bandwidth to
the register file significantly. The physical locations of consumers are explicitly encoded
within producer instructions, thus no broadcast is necessary. The producer simply delivers
its result to the listed consumers. To build a data-flow like execution, support from the
compiler is required. Besides not requiring compiler support, one major difference
between TRIPS and CRIB is how the data is passed from a producer to a consumer. In
TRIPS, a producer has to deliver its result to consumers. while in our scheme, a producer
only needs to write to its own destination register path.

Similar with TRIPS, Balfour et al. [9] uses explicit operand forwarding to reduce
the size of the register file on the ELM processor. Explicit operand forwarding in the tile-
architecture lets software orchestrates the routing of operands through the forwarding net-
work to avoid writing ephemeral values to the register file. By letting the software capture
short-term reuse and locality close to the functional units, energy efficiency is improved
by allowing a significant fraction of operands to be delivered from inexpensive operand
registers that are integrated with the functional units. Operand register files are small,

inexpensive register files that are integrated with function units in the execute stage of the
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pipeline.

Wavescalar [81][82] goes further to build its decentralized data-flow processors by
embedding processing elements (PE) into the cache, called the WaveCache. The Wave-
Cache is a grid of PEs arranged into a cluster. Each PE contains logic to control instruction
placement and execution, input and output queues for instructions operands, communica-
tion logic, and a functional unit. The goal of WaveScalar is to break the serialization point
of the von Neumann model, namely the program counter, and to guarantee load-store
ordering. By distributing the processing elements, WaveScalar also eliminates all the large

hardware structures that make superscalars non-scalable.

2.3  Execution Array

Arrays of execution units are also used frequently in reconfigurable computing.
This execution matrix can be used as a stand-alone datapath such as in RaPid [23] or
embedded into a regular processor such as in Garp [35]. This reconfigurable hardware
(FPGA) is used to exploit applications containing repetitive tasks such as encryption or
Fourier transform. When embedded as a coprocessor, the microprocessor itself is slightly
modified to be able to transfer work to the embedded hardware. Special purpose instruc-
tions are added to load new configuration of the FPGA and form a new execution matrix

as necessary.

2.4 Data Cache

Data cache has been known as one of the main power consumers in a chip.

Roughly 20% - 30% of chip power is consumed by data cache [34][14]. Many techniques
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have been proposed in the past to help reduce data cache power consumption. In this sec-
tion, various microarchitecture techniques that can be used reduce dynamic power of data
cache are described. While some of the earlier proposals described do not focus on reduc-
ing power, those proposals can easily be repurposed as power saving techniques.

While there have been many proposals to reduce data cache power consumption,
only a few are currently used in today’s microprocessors. Those currently being used are
techniques that do not require speculation such as subbanking [79][80] and bit-line seg-
mentation [27]. Techniques introducing additional non-determinisn in load latencies are
hardly used. The reason is that current generation microprocessors rely on speculative
scheduling in scheduling load dependent instructions. The scheduler assume the most
commonly encountered load latency and schedules the dependent instructions based on
the assumed latency. Upon latency misspeculation, the speculatively issued load consum-
ers and their descendants must be squashed from the pipelines and re-issued. Some of the
proposals have proposed to use means other than effective address to enable early check-
ing of the latency speculation [50][51]. However, their techniques do not remove the spec-
ulation completely and are only applicable to certain power saving techniques.

In contrast to conventional out-of-order processors, CRIB is tolerant to non-deter-
minism in load latencies. Thus we proposed to extend the idea of line buffers [79][80][27]
in our cache design and combine it with partial tag match [57][61][31] for fast verifica-
tion. Rather than treating the line buffer as a separate entity as in prior work, the line buf-
fer is embedded in the cache in our design. By embedding in the cache, it allows us to
naturally exploit the notion of sub-array partitioning in today’s cache design and having

multiple line buffer. It also reduced the necessity to have large number of wires to fetch
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the whole cache line (typically 64 bytes) out from the cache.

For the rest of this section, we will summarize different cache optimization tech-
niques have been proposed in the past. Most of the optimization can be categorized into
sequential access in set-associativity, cache partitioning, and buffering.

Sequential access in set-associativity cache has been one of the common cache
optimization proposals. Agarwal et al. [4] proposed the Hash-Rehash cache to reduce the
miss rate of direct-mapped cache to be similar to that of set associativity cache. Hash-
Rehash cache starts with a direct-mapped cache and treats a pair of a set in a similar way
as associativity, i.e. for 8-set cache, set 2 (010) and set 6 (110) are considered a pair. Cache
access always starts from the set of the pair that has the same index as the address. On a
miss, the next set in the pair is accessed. When a miss occurs, the newly fetched data is
placed in an indexed set and the data currently in the indexed set is moved to the paired
set. Agarwal et al. later proposed a rehash bit to further improve Hash-Rehash cache. The
newer proposed cache is called Column-Associative Cache [6]. The rehash bit indicates
that the other set contained rehashed data that will result in a miss. Thus, the second set
does not have to be checked to further save miss latency. Both [4] and [6] relies on static
information on which set in the pair to be accessed first.

In contrast with [4] and [6], Chang et al. [18] and Kessler et al. [46] used dynamic
ordering to guide sequential probing in set-associativity cache. Chang et al. [18] proposed
a cache organization where the cache provides the block selected by the MRU information
upon access. Concurrently, all tags are compared; if the wrong cache block is used, it is
detected and the proper block is provided in the next cycle. Kessler et al. [46] proposed a

similar organization. Each cache block in a set uses a MRU bit to indicate the most
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recently used block. The block indicated by the MRU bit is probed first. If the data is not
found, the second block is probed. If the data is found, the MRU bit is inverted, indicating
the second block is more recently used than the first block. If the data is not found, the
least recently used block is replaced. While dynamic information is shown to be superior
to static information, it requires a longer latency as the MRU information has to be fetched
prior to accessing the cache contents to determine which block should be examined first.

Calder et al. [16] proposed predictive sequential associative cache (PSA-Cache)
that combined the best of static and dynamic technique described above. It uses a MRU
policy to guide the replacement policy while utilizing rehash bit from [6] to avoid unnec-
essary checking. In order to guide the selection of which block to probe first, PSA-Cache
uses steering bits. Each line of the cache has each own steering bit, for example a 4-set 2-
way associative cache has 8 steering bits. While using the effective address to index steer-
ing bits proved to give the best result, it incurred additional delay for steering bit access.
Another variant to index the steering bits is using an XOR of register content (base
address) and the address offset. This variant gives the next best result while having less
latency.

In an effort to reduce cache energy, Inoue et al. [42] and Powell et al. [71] pro-
posed to use way prediction that was originally proposed for reducing latency to design
low power caches. Only the predicted way is accessed first and other ways are accessed on
prediction miss. Inoue et al. [42] uses a simple MRU prediction to guide the way access
while Powell et al. [71] uses the load PC to access a way predictor. Powell et al. [71] also
proposed to use selective direct-mapping to further reduce cache energy. Cache sets are

converted into direct-mapped in non-conflicting cases. Conflict prediction table is
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accessed using a load instruction’s PC.

Witchel et al. [90] proposed a direct-addressed cache, which uses a hardware-soft-
ware design for an energy-efficient data cache. Direct addressing allows software to
access cache data without a hardware cache tag check. These tag-unchecked loads and
stores save the energy of a tag check when the compiler can guarantee that an access will
be to the same line as an earlier access. Support for tag-unchecked loads and stores were
added to C and Java compilers.

Gunadi and Lipasti [31] used partial tag match to help guide way selection in the
data cache. The partial result is generated by the narrow width scheduler. The data cache is
banked into narrow and wide banks. The partial result from the scheduler is used to access
a narrow cache bank and generate way selection. The way selection is then used to access
only the matched way in the wide-bank. If there is no match in the narrow bank, the access
to the wide-bank is disabled to further save energy.

The optimizations described so far use the idea that a cache way can be accessed in
a more serial manner in order to save some power. Another common optimization is frag-
menting caches into smaller banks so that only a small subset of the cache has to be acti-
vated during access. This optimization is widely employed in today’s caches. Temporal
locality can also be exploited further by caching or buffering more recently used blocks.

Su and Despain [79][80] studied various optimizations for a low power cache.
Optimizations being studied are block-buffering, cache-subbanking, and Gray code repre-
sentation. A block buffer is another cache that is closer to the processor than the regular
L1 cache. The block buffer contains the last line being accessed in the L1 cache. On a hit,

the data is directly read from the block buffer and the cache is not operated. Cache-sub-
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banking is a partitioning technique used in the cache so that only the necessary subset of
block and rows are activated during an access. This technique is widely employed in
today’s caches as sub-array techniques. Lastly, Gray code is used to minimize switching
activity in the data cache.

Kin et al. [52] proposed the filter cache, an unusually small cache placed in front
of L1 cache. L1 cache is accessed only when there is a miss in the filter cache. Because the
filter cache is smaller than the L1 cache, it will generally have a faster access time and less
power consumption. Filter cache latency can be as small as one clock cycle in comparison
to L1 latency that is usually 2-4 clock cycles.

Ghose and Kamble [27] used a detailed register-level simulator to study cache
power saving techniques: subbanking, multiple line buffers, and bit-line segmentation.
[27] extends the idea of a single line buffer [79][80] into multiple line buffers. These mul-
tiple line buffers represented the last four accesses into the cache. Set number comparison
is done in parallel for all line buffers. Upon a match, corresponding tags are steered into
the comparison logic. In subbanking, the wordline is segmented so that data line is now
spread across a number of subbanks. Only the accessed subbank is activated. Bit-line seg-
mentation is similar to subbanking, but is applied vertically to the bitline. This results in
smaller precharge drivers and sense amplifiers. Similar to subbanking, only the segment
being accessed need to be precharged.

Most proposals for low power caches introduce additional non-determinism in
load latencies. In modern microprocessors, where speculative scheduling is widely used,
additional non-determinism can result in wasted energy and performance loss. To alleviate

the energy and performance impact of non-deterministic load latency, various techniques
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have been proposed.

Kim et al. [50][51] proposed to bypass the address generation whenever the offset
is detected to be zero in the decode stage. His study found that many displacement values
are small numbers. Thus the displacement values often do not generate carry into the
index bits. In this case, the base address from a register read can be used to directly bypass
address generation. Thus, enabling the access to the cache or prediction table one cycle
before the effective address is fully generated.

Another proposal to provide early information to reduce the non-determinisn intro-
duced by the low-power cache design is narrow-width dynamic scheduling [31]. In the
proposal, a narrow scheduler supplies partial operand values that is used to access narrow
cache bank. The result from the narrow-bank access is then used to guide which way, if

any, of the wide-bank cache need to be accessed.

2.5 Chapter Summary

Register renaming and physical register file is not at all a new research area. There
are abundant prior works with various motivations ranging from performance improve-
ment, scalability, and power savings. However, the main difference between prior work
and CRIB is that most of the prior works merely propose a more efficient physical register
file and register renaming techniques without completely deconstructing the way out-of-
order machine is designed. Ultrascalar is the most similar prior work to CRIB. It has the
same concept of removing register renaming altogether. However the difference in moti-
vation has led into different realization of the concept.

CRIB can also be thought to be similar with distributed architecture work such as
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Raw, TRIPS, ELM, and Wavescalar. However, the motivation itself is completely differ-
ent. CRIB’s motivation is power saving that leads to the removal of register renaming. On
the other hand, the main motivation of the distributed architecture work is scalability.
While physical register file modification to improve scalablility is a major part of prior
work, none of them completely remove the register renaming. Instead, they may rely on
the compiler to help with their modified renaming schemes.

Since CRIB has an array of ALUs, CRIB also bears similarity with prior work in
specialized execution array such as Garp and Rapid. This prior work uses reconfigurable
hardware that is used to speedup applications with repetitive tasks. In contrast, CRIB is
used for general purpose computation without motivation of improving performance of
such repetitive tasks.

Lastly, we pair cache optimization techniques with CRIB. Cache power saving
techniques have been proposed many times in the past. Unfortunately, only a few have
made it into industry. It is because most of these techniques introduce additional non-
determinism in cache latency. Non-determinism in cache latency does not pair well with
speculative scheduling commonly employed in today’s microprocessors. In contrast,
CRIB handles non-determinism well and pairs well with some cache optimization tech-

niques such as cache banking and line buffers.
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Chapter 3

Experimental Methodology

This chapter details the experimental methodology used to collect the data that
appears in this thesis. It begins with a description of the simulation environment and rele-
vant microarchitectural parameters of our baseline machine model. Next, we present
information regarding the applications used to benchmark our implementation, followed
by a brief discussion and data related to our baseline machine. Later, we explain physical
modeling of latency, area, and power. Last, the performance debugging methodology is

described.

3.1 Simulation Environment

All of the data presented in this dissertation was collected with an x86 architec-
ture-level simulator derived from Bochs [2], an 1A32 emulator. Bochs is used as the func-
tional portion for the simulator. An internal RISC ISA is designed to crack x86
instructions into uops that are executed in the timing part of the simulator. The timing part
of the simulator is loosely based on SimpleScalar [15]. The simulator is able to run the
IA32 instruction set including x87, MMX, SSE, and SSE2 instructions. Activity counts
are added to estimate energy consumption during the benchmark run, similar to Wattch
[14].

The timing part of the simulator is able to simulate out-of-order execution. A
rename-table is used to maintain the mapping between architected register identifiers and

physical register identifiers. Rename-table checkpoints are used for fast recovery on
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branch mispredictions. Inside the issue window, a full speculative scheduling and squash-
ing recovery is performed. The simulator is also equipped with aggressive load-store reor-
dering with pipeline flush as a recovery mechanism in the case of misprediction. A store-
set predictor [20] is used for load-store reordering.

We implemented CRIB and its related hardware structures on top of this infrastruc-
ture. This required a number of substantial modifications and enhancement. One main dif-
ference is the way the dependencies are maintained and data is propagated between
producers and consumers. The simulator assumes a conventional physical register file
based out-of-order machine where the data is propagated through a centralized physical
register file and bypass network. The physical register identifier is used to maintain depen-
dencies inside the reservation station. Once an instruction is issued, its register identifier is
used to wake up all dependent instructions inside the reservation station. On the other
hand, CRIB removes the use of physical register identifier to detect dependencies between
instructions. Instead, CRIB uses architected register identifiers and the position of instruc-
tions inside CRIBs to detect true dependencies. Thus, data and ready signal propagation in
CRIB have to be done on an entry-per-entry basis according to how many entries can be
traveled in one cycle. In each entry, a comparison has to be done to see if a write-after-
write dependency occurs and the propagation of the previous data has to be stopped.

Another major enhancement is to enable deep-pipelining within CRIB. In deep-
pipelining mode, the CRIB is clocked faster than the front-end of the machine; resulting in
multiple clock domains in the machine. Nested loops are employed to run the deeply pipe-

lined CRIB faster than the rest of the machine.
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3.2  Machine Model

The x86 simulator being used supports a large number of configurable microarchi-
tectural parameters that control the timing of the processor and its memory requests.
Figure 3-1 shows the pipeline diagram of the baseline machine model that CRIB is com-
pared against. Table 3-1 presents the rest of the machine configuration of the baseline
machines. Two baseline machines are used. Baseline 1 is a small out-of-order core with a
24-entry ROB. Baseline 2 is a Nehalem-style machine with 128-entry ROB. Baseline 1 is
configured to have a similar window size as our chosen CRIB model, while baseline 2 is
configured to represent today’s microprocessor configurations. We also believe that base-
line 2 will be a close match to future systems as well. Historically, higher transistor den-
sity enabled by decreasing feature sizes has lead to more aggressive processor cores in
each successive technology generation. However, dramatic increases in power consump-
tion have resulted in diminishing returns on single-thread performance, and have gener-
ated a trend toward designs that favor more cores over more complex cores. For this
reason we contend that future microarchitectures will not be significantly wider, deeper,

and more complex than they are today.
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Table 3-1: Machine Configuration.

Attribute

Baseline 1
Small Out-of-Order Processor

Baseline 2
Nehalem-like Out-of-Order Proces-
sor

'Pipeline Depth

11 stages

11 stages

Fetch Queue Size

16

16

Branch Predictor

combined bimodal (16k entry)/gshare
(16k entry) with selector (16k entry);
32entry RAS; 2k entry 4-way BTB

combined bimodal (16k entry)/gshare
(16k entry) with selector (16k entry);
32entry RAS; 2k entry 4-way BTB

Decode/lssue/Commit
Width

4/4/4

4/6/4

Issue Window 16 with speculative scheduling and 36 with speculative scheduling and
squashing recovery squashing recovery

Reorder Buffer Size 24 128

Physical Register File |32 Integer, 36 FP 96 Integer, 64 FP

Load/Store Queue Size |8/4 48/32

Memory Dependence
Predictor

Store set dependence predictor with 4k
ssit and 128 Ifst,
Flush recovery

Store set dependence predictor with 4k
ssit and 128 Ifst,
Flush recovery

Functional Units

2 INT ALU (1)

3INT ALU (1)

(latency) 1 INT MUL/DIV (4/4) 1 INT MUL/DIV (4/4)
1 L1D memory ports (1+2) 1 L1D memory ports (1+2)
1 ST data (1) 1 ST data (1)
2 SIMD units (1) 2 SIMD units (1)
2 FP ADD/MULT (6) 2 FP ADD/MULT (6)
1 FP DIV/SQROOT (12) 2 FP DIV/SQROOT (12)
Prefetch Stream prefetching on DL1 miss Stream prefetching on DL1 miss
32-entry prefetch buffer 32-entry prefetch buffer
L1 Caches I-Cache: 32KB, 2-way, 64B lines (2) |l-Cache: 32KB, 2-way, 64B lines (2)
D-Cache: 32KB, 4-way, 64B lines (2) |D-Cache: 32KB, 4-way, 64B lines (2)
L2 Cache 2 MB, 8-way unified, 128B lines (12) |2 MB, 8-way unified, 128B lines (12)
Memory Off-chip memory: 168-cycle Off-chip memory: 168-cycle
3.3 Benchmarks

The SPEC CPU2006 [3] Integer and Floating-Point benchmark suites provide a
collection of standardized programs and inputs intended to represent real-world applica-
tions and programming constructs. We uses the result of redundancy analysis in [70] to
choose eight benchmarks from SPEC INT 2006 and eight benchmarks from SPEC FP
2006 that are most representative of the whole suite. All benchmarks use the SPEC refer-
ence input sets. For benchmark having multiple input set, one input set that has program

characteristics closest with the whole (aggregated) benchmark run is selected based on
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Table 3-2: Benchmark Descriptions .

'Benchmark Language |Application Description
Area
[SPECINT2006
astar C++ Path-finding Path finding library for 2D maps, including the well known
Algorithms A* algorithm
bzip2 C Compression Bzip2 version 1.0.3, modified to do most work in memory,
rather than doing 1/O
gcc C C Compiler Based on gcc Version 3.2, generates code for Opteron
libquantum C Physics / Quan- |Simulates a quantum computer, running Shor’s polynomial-
tum Computing |time factorization algorithm
mcf C Combinatorial  |Uses a network simplex algorithm to schedule public trans-
Optimization port
omnetpp C++ Discrete Event  |Uses the OMNet++ discreate event simulator to model a
Simulation large Ethernet camput network
perlbench C Programming Derived from Perl VV5.8.7
Language
xalancbmk C++ XML A modified version of Xalan-C++, which transforms XML
Processing documents to other document types
[SPECFP2006
cactusADM | C, Fortran Physics / Gen-  |Solves the Einstein evolution equations using a staggered-
eral Relativity  |leapfrog numerical method
calculix C, Fortran |Structural Finite element code for linear and nonlinear 3D structural
Mechanics applications. Uses the SPOOLES solver library.
dealll C++ Finite Element |A C++ program library targeted at adaptive finite elements
Analysis and error estimation
GemsFDTD  |Fortran Computational |Solving Maxwell equations in 3D using the finite-difference
Electromagnetics|time-domain (FDTD) method
Ibm C Fluid Dynamics |Implements the Lattice-Boltzman Method to simulate
incompressible fluids in 3D
leslie3d Fortran  |Fluid Dynamics |Computational Fluid Dynamics (CFD) using Large-Eddy
Simulations with Linear-Eddy nModel in 3D
povray C++ Image Image rendering
Ray-tracing
soplex C++ Linear Solves a linear program using simplex algorithm and sparse
Programming linear algebra

clustering analysis [70]. Table 3-2 lists the SPEC CPU2006 benchmarks used and their

descriptions.

All benchmarks were compiled with gcc version 3.3.2 with -O3 optimization. The
pinpoint tool [69] is used to get simpoints [74][75] for each of these benchmarks. The
benchmarks are fast-forwarded into the first simpoint before timing analysis is performed

on the following 100 million instructions. During the fast-forward, branch prediction,

level-1 instruction cache, and level-2 cache are warmed using the instruction stream.
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Table 3-3: Benchmark Descriptions and Baseline IPC.

[Benchmark Input Set FastFwd IPC EPI (pJ)

Instructions  [Baselinel |Baseline2 |Baselinel |Baseline2
[SPECINT2006
astar input set 2 200 M 0.679 0.780]  123.310]  219.315
bzip2 input set 4 3700 M 0.960 1.410 111.381 148.962
gcc input set 1 16100 M 0.432 0.565 196.080 316.246
libquantum input set 1 1300 M 2.118 3.000 70.799 84.056
mcf input set 1 46600 M 0.170 0.176 352.960 834.315
omnetpp input set 1 4500 M 1.681 1.998 76.188 93.140
perlbench input set 1 500 M 0.804 1.127 120.274 173.517
xalancbmk input set 1 95500 M 0.589 0.670 138.049 267.823
[SPECFP2006
cactusADM input set 1 900 M 0.584 0.847|  113.744]  129.953]
calculix input set 1 400 M 1.356 1.603 80.584 103.154
dealll input set 1 5900 M 0.933 1.080 88.372 102.312
GemsFDTD input set 1 2900 M 0.370 0.443 102.882 115.674
Ibm input set 1 400 M 0.385 0.435 164.361 192.945
leslie3d input set 1 400 M 0.362 0.448 100.382 116.619
povray input set 1 62000 M 0.912 1.353 103.313 132.889
soplex input set 1 18400 M 0.639 0.756 130.724 181.767

We use this benchmark set as our primary metric to evaluate CRIB. Table 3-3 indi-
cates the input set being used and the number of fast-forwarded instructions before
detailed timing analysis is performed. Table 3-3 also indicates their baseline performance
in instructions committed per cycle (IPC) and baseline energy per instruction (EPI) in pJ.
All performance and energy data in this thesis is normalized to the IPCs and EPIs of the
baselines. This helps clarify the performance graphs and provides an easy way to display
speedups and energy reduction.

Figure 3-2 shows the breakdown of committed uops during detailed timing analy-
sis. Uops are categorized into different categories such as load, store, branch, integer,
floating-point, and SSE instructions. SSE instructions here is defined as SSE instructions
that do not fall into load, store, nor floating-point operations. The instruction breakdown is
fairly uniform for SPEC INT benchmarks. It has roughly 20%-35% of load instructions,

10%-20% of store instructions, 15%-20% of branch instructions, and 40%-55% integer
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operations. SPEC FP benchmarks shows higher load operations on average. The reason is
that many of the floating-point instruction streams consist of a short dependency stream
that is started with a load operation. Most of the FP benchmarks have at least 10% and up
to 40% of floating point operations. However, calculix does not show any floating-point
uops in its committed instructions because the first simpoint used have not reached the
main loop of the program. A verification run to the second simpoint showed 32% of float-
ing-point operations. However we did not run the second simpoint because the second

simpoint requires a fastforward of 1.72 trillion instructions.

3.4  Physical Modeling

As CRIB requires significant modification to structures in the execution core,
physical modeling is done to assess latency, area, and power consumption. We model each
structure in the out-of-order window as well as structures in our CRIB execution core

using a combination of synthesis and CACTI 5.3 [84]. Structures that require small stor-
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age with large combinational blocks, such as register alias table, reservation station, store
queue, load queue, and ALU, are modeled using Verilog and synthesized using Synopsys
Design Compiler with the TSMC tcbnptc 0.65 CMOS standard cell library. Large struc-
tures that consist mostly of SRAM such as caches, reorder buffer, immediate RAM, and
physical register files are modeled using CACTI 5.3. The rest of this chapter describes

how the structures are modeled.

3.4.1 Register Alias Table (RAT)

Register alias table (RAT) consists of a RAM-based map table with eight check-
points, a scoreboard, and a physical register freelist. Figure 3-3 shows how the source
renaming and the destination renaming are modeled. A source logical register is first used
to access the RAT to get the physical source it is mapped to. The source logical register is
also compared with all the older destination logical register in the dispatch group. For
example, the second instruction has to do the comparison with only the first logical desti-
nation register, while the fourth instruction has to do the comparison with the first, second,

and third logical destination registers. Staggered two-to-one muxes are used to choose
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whether to use the mapping from the RAT or the new physical destination identifier from
the earlier instruction in the group. The physical register identifier is then used to access
the scoreboard to check the readiness of that particular physical register.

Destination register renaming is done by first accessing the physical register
freelist to get a free physical register. It is then compared with all logical destination regis-
ters of the younger instructions in each dispatch group. For example, instruction 0 has to
compare its logical destination register with instruction 1, instruction 2, and instruction 3.
However, instruction 3 does not need to do any comparison since it is the youngest in the
group. Any comparison match disables the write enable signal so that the physical destina-
tion register of the particular instruction is not written into the RAT. Instead, the youngest
destination definition is the one stored in the RAT.

The RAT is a small RAM with multiple read ports and write ports. Each entry con-
sists of five to seven bits of physical register identifier depending on the number of physi-
cal registers of the machine. The modeled RAT renames four instructions each cycle.
Thus, it requires eight read ports for the source registers and four write ports for the desti-
nation registers. Several comparison circuits are added to correctly rename source and
destination registers.

A freelist is a circular buffer with a head and tail pointer. It is written from the
commit stage as physical registers are being freed. It is read from the rename stage to get a
free physical register to do the renaming. There are as many entry in the freelist as the
number of physical register minus the number of logical register. A scoreboard is used to
maintain the readiness of each physical register. It is read at the rename stage and written

at the write-back stage. Checkpoints are shown in Figure 3-3 as shaded area. A checkpoint
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FIGURE 3-4. Reservation Station.

is created on low confidence branches. The RAT checkpoint is implemented as an eight-
entry circular buffer with a head and a tail. Each entry of the checkpoint is wide enough to
store the content of the current RAT. All structures in RAT are modeled using verilog. Two

RATs are modeled, integer RAT and floating-point RAT.

3.4.2 Reservation Station

The reservation station buffers instructions that are not yet executed. Instructions
are waiting in reservation station because of unready operands or issue bandwidth limita-
tion. The reservation station includes scheduler, select logic, and payload RAM. The
scheduler does tag comparison to determine if an instruction should be awakened upon a
data broadcast. When both operands are ready, an instruction is marked as ready to be
issued. Select logic chooses one of the ready instructions to issue. We modeled the select
logic using a hierarchical priority encoder based on [67]. There are as many select logic
structure as the issue width. Payload RAM contains information needed to do execution
such as opcodes, destination tags, immediate values, reorder buffer indexes, and load/store

queue indexes. The scheduler and select logic is modeled using verilog. Since payload
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RAM is simply a direct-mapped RAM, it is modeled using CACTI.

3.4.3 ALU and Bypass Network

We modeled ALU and a two-level bypass network. A two-level bypass network is
necessary because there is a register read stage in between issue and execution. Figure 3-5
shows the diagram of the ALU and two-level bypass network for one of the sources. In
each level, the source tag is compared with destination tags from all execution lanes to
determine if the source operand should be picked from the bypass network instead of from
the register file. The first level of the bypass network tries to catch the output from instruc-
tion currently writing their results back into the physical register file. The second level
tries to catch the output from instruction currently in the execution stage. Each execution

lane has four sets of six comparators (corresponding to six issue width) and two seven-to-
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one muxes, corresponding to two operand sources.

3.4.4 Load and Store Queue

Figure 3-6 shows the modeling of load and store queues. Load and store queues
consist mainly of address CAM, an age comparator, and a circular priority encoder. A
store queue would also have additional data RAM to store the store-data. When a load
instruction needs to check for any matching stores in the store queue, it accesses address
CAM and age CAM in parallel. Address comparison signals and age comparison signals
are sent to the priority encoder to set the matched signals for only older matching
stores/loads. The priority encoder then chooses the youngest among the older matching
stores/loads. The circular priority logic is modeled based on circuitry patented by Intel
[19]. It consists of a circular chain of passgates as shown in Figure 3-6. Chain_out signal
from one passgate block is connected to the chain_in signal to the next passgate block in
circular manner. The chain of passgates starts to evaluate starting from the age matched
entry that signifies the beginning of older stores that the load has to check. It stops upon

reaching the first address matched entry, the youngest matching stores among all the older
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stores. Address CAM and data RAM are modeled using CACT]I while the priority encoder

and age comparison logic are modeled using verilog.

3.4.5 Reorder Buffer
The reorder buffer (ROB) is modeled as a 4-wide circular buffer to minimize the
number of ports; only one write port is needed to insert four instructions into the window
and one read port is needed to commit four instructions from the window. Each ROB-
entry contains four instructions. Each instruction entry has 100 bits, consists of:
* Valid bit - 1 bit
* Instruction PC - 64 bits
* Opcode - 7 bits
* OQutput logical register - 5 bits
» Previous output physical register - 6/7 bits
» Load/store queue index - 6/7 bits
* Checkpoint index - 3 bits
» Various status bits - 6 bits
Different bits of the reorder buffer are accessed in different pipeline stages, i.e. sta-
tus bits are inserted on writeback stage while other bits are inserted on dispatch stage.
Thus, the ROB is banked according to the access stage. The reorder buffer is modeled

using CACTI.

3.4.6 Register File
Integer physical register file is modeled with four read ports and four write ports

since we assume that port reduction techniques [68] are commonly used in today’s micro-
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processors. Although port reduction is assumed for the physical model, our architectural
models for the baseline machine assume an ideal physical register file. Thus, there is no
stalling when both operands need to be read from the physical register file. Floating-point
physical register file physical model also assumes port reduction technique with two read
ports and two write ports. Both the integer and floating-point physical register files are

modeled using CACTI.

3.4.7 Data Cache

Data cache is modeled using CACTI as a one port pipelined cache with no bank-
ing. Figure 3-7 shows the access time path and the cycle time path that is used in the
model. The total access time of the cache is shown in the solid grey line while the path
used to determine the cycle time is shown in dashed black line.

AccessTime = max((tagArrayAccess + dataArrayRouting), dataArrayBeforeMux)

+ muxDelay + dataArrayOutputDriver + dataArrayRouting

46



Cycle time is determined using the longest path where no latches can be inserted.
In this case the data array path starting from routing all the way to the sense amps are cho-
sen. The tag array result is latched inside next to the mux inside the data array. In the cor-

responding cycle, the data is muxed and routed out.

3.5 Performance Debugging

CRIB implementation in our timing simulator requires major changes due to the
removal of renaming, as well as the full reconstruction of wakeup-select-issue-execute
stages. It is possible to insert sanity checks, in form of assertion statements, in various
places in the simulator, to mostly eliminate correctness bug. However, a different method-
ology to do performance debugging is necessary.

For performance debugging purpose, an IPC tracing option is added so that the
simulator reports IPC every million of instruction when the option is enabled. The IPC
report of CRIB can then be compared with the IPC report of the baseline machine to find
out which of the million of instruction group shows suspicious speed-up or slow-down. A
detail tracing option can then be enabled to print out instructions traces for the particular
instruction group for both the baseline machine and CRIB. The information for each
instruction includes tag, PC, source and destination logical registers, dispatch cycle, issue
cycle, and commit cycle.

A post processing script reads the trace reports and compares the commit cycle
between the two reports.The script also creates buckets for various slippage in commit
cycle, i.e. 1-5 cycles, 5-20 cycles, 20-50 cycles, > 50 cycles. A slippage in commit cycle

occurs whenever the two instructions from the two reports take different number of cycles
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to commit the next instruction. If a slippage occurs, the PC of the instruction is thrown
into the appropriate slippage bucket. If the same PC is already in the bucket, the counter
for the PC is incremented. At the end of the processing, the PCs in each of the bucket is
dumped together with their counter values.

From the output of the post processing script, the problematic PCs can be noted. A
manual debugging can then be done focusing on the problematic PC. Source code
obtained using objdump, is also proved useful in aiding the manual debugging of the two
traces. Many of the benchmarks execute a single loop for millions of dynamic instruc-
tions. Thus, whenever the problematic PC is found, one can easily do manual execution of

these instructions and compare it with the instruction trace to identify the problem.

3.6 Chapter Summary

We use an x86 simulator derived from Bochs to collect the data presented in this
thesis. Two baseline machines are used to compare against. Baseline 1 is a small out-of-
order core with 24-entry ROB while baseline 2 is large out-of-order core configured to
represent today’s microprocessor configuration. SPEC CPU2006 Integer and Floating
Point are used as our primary metric to evaluate CRIB. Redundancy analysis is used to
choose eight benchmarks each from SPEC INT 2006 and SPEC FP 2006. Simpoint is used
to pick a representative portion of the benchmark. Benchmarks are fast-forwarded to the
first simpoint before timing analysis is performed.

Physical modeling of different structures in baseline machines is done to assess
latency, area, and power consumption. Structures with small storage and large combina-

tional blocks are modeleled using Verilog and synthesized using Synopsys Design Com-
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piler. Large structures that consists mostly of SRAM are modeled using CACTI.

Lastly, performance debugging methodology is developed to catch performance
bugs. Sanity checks in form of assertion statements eliminates correctness bug. However,
since CRIB implementation requries major changes in the timing simulator, a different

methology for performance debugging is necessary.
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Chapter 4

CRIB: Consolidated Rename, Issue, Bypass

This chapter proposes consolidation of rename, issue, and bypass into one struc-
ture, CRIB, for a more power efficient out-of-order processor. It first describes the basic
concept of CRIB in Section 4.1. Section 4.2 elaborates on how the CRIB concept is
expanded into a full out-of-order execution core. Section 4.3 explains design extension for
the CRIB by employing deep-pipeline. Section 4.4 elaborates data cache optimization that

can be employed together with CRIB.

4.1 CRIB Concept

As shown in Chapter 1, explicit register renaming requires multiple structures,
such as the register alias table (RAT), the reorder buffer (ROB), the register file (RF), and
the reservation station (RS), to support operand delivery. Tags and data are moved from
one structure to another while status bits are updated in each of the structures, resulting in
significant power consumption.

In CRIB, we propose to remove redundant structures and activities related to regis-
ter renaming algorithm by consolidating rename, issue, and bypass into the CRIB. Inside
the CRIB, conventional register renaming is replaced with positional renaming to detect
true data dependencies and to relax false data dependencies, enabling out-of-order execu-
tion. Decoded instructions are put into the CRIB where they read their source operands
and compute results. Upon completion of the CRIB, the results are latched back into the

register file. The energy consumption of CRIB is mostly due to execution energy as
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FIGURE 4-1. CRIB Concept. The left figure shows four-entry CRIB. Each register has its own path
going across the CRIB, connected to ALU in each entry. The right figure shows one CRIB entry

opposed to operand delivery overhead as in conventional out-of-order design.

The concept of the CRIB is shown in Figure 4-1. The left figure shows the CRIB
while the right figure shows one CRIB entry. For simplicity, the figure assumes four logi-
cal registers and a four-entry CRIB. Each logical register has its own column that spans
the CRIB. The CRIB is a connection matrix connecting logical register columns, which
are spaced horizontally, to an ALU. It also connects the ALU result back to the appropri-
ate register column. Each instruction in the CRIB taps its source operands from the regis-
ter columns. It then overwrites its destination register column accordingly. As each CRIB
entry has an ALU, it is not necessary to latch the execution result. Instead, the register
value propagates through the columns. As shown in Figure 4-1, tapping source operands
and overwriting destination registers can be implemented using tri-state buffers and two-
to-one muxes.

In addition to the core resources, there is a simple architected register file or ARF,
which is really just a rank of latches. Once inserted, instructions stay in the CRIB until all

entries finish executing. When all completion bits in all entries are set, the ARF is clocked
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and results are latched.

Data propagation inside the CRIB is done combinationally without latching. It is
made possible since an ALU serves the instruction until it leaves the CRIB, when the
result is then latched in the ARF. Although data propagation inside the CRIB is done com-
binationally, instruction wakeup and completion are fully synchronous. It is done by add-
ing a completion bit to each entry of the CRIB and to each register column. When registers
have their completion bit set, it means that they are ready to be consumed. As instructions
are dispatched into the CRIB, they unset the completion bit of their destination registers,
hence preventing their consumer from consuming the register value. When both source
operands are ready, each instruction set its own completion bit that will propagate to its
destination register. Figure 4-1 assumes one-cycle execute instructions, which set their
completion bit in the very next cycle after both operands are ready. When an instruction
needs multiple cycles to complete, the completion bit is set accordingly.

Figure 4-2 shows an example of how the CRIB resolves read after write (RAW),
write after read (WAR), and write after write (WAW) dependencies. A list of instructions
placed in the CRIB is shown with the chronological order going up. Starting at the top left,
and proceeding clockwise, each instruction is inserted into the CRIB. The connections that
are formed are shown in the same color and texture as the instructions. The top left dia-
gram shows (in solid blue line) source registers RO and R3 being routed from their logical
columns to the ALU of the first entry, with the result routed to the logical column for R2.
The top right diagram shows how RAW and WAW dependencies between the first and the
second instructions are resolved. The second instruction simply taps the R2 value pro-

duced by the first instruction as one of its sources. It then overwrites the R2 column with
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FIGURE 4-2. CRIB Example. Time progress clockwise from top left, with each figure adding the
next instruction in the code snippet to the CRIB. The last diagram (bottom - left) also shows when each
instruction gets executed

its own result. The bottom right diagram shows how the WAR dependency is solved
between the second and the third instructions. Due to the positional ordering of instruc-
tions in the CRIB, the third instruction can overwrite R3 without worrying if the second
instruction is done reading it. The bottom left diagram shows the final connections among
these four instructions.

Although shown step by step, all the connections form in parallel when instruc-
tions are inserted into the CRIB. Instructions can then start issuing and executing, subject
to the readiness of their operands. Figure 4-2 illustrates that although the fourth instruction
is the youngest one, it starts executing in the same cycle as the first instruction as their
operands are ready on insertion.

The execution core in the proposed CRIB consists of only a CRIB and an archi-
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FIGURE 4-3. CRIB Pipeline Diagram.

tected register file (ARF) as shown in Figure 4-1. Each CRIB entry is a connection matrix
connecting logical register columns to an ALU and connects the result back to the appro-
priate register column. The architected register file is a rank of flip-flops with write-enable
capability organized into register columns. The CRIB, together with the register columns
provides positional renaming to solve data dependency, wake-up and issue logic, as well
as bypassing capability for instructions in the CRIB. In CRIB, execution occurs out-of-
order subject only to true dependencies.

Figure 4-3 compares CRIB and baseline out-of-order pipeline diagrams. In the
front-end, CRIB removes one stage, the rename stage. In the execution window, CRIB
consolidates the issue, register file read, and execute stages into one. Lastly, CRIB also
combines writeback and retire stages. When a dependent instruction is in the same CRIB
partition (partitions are explained in Section 4.2) as the producer, they can issue back-to-
back. On the other hand, output propagation cycle(s) have to be added when dependences
cross CRIB partitions. When all instructions finish executing, the results are latched into

the ARF and the instructions are retired from the CRIB.
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FIGURE 4-4. Four-Partition CRIB.

4.2 CRIB as a Realistic Execution Core

Section 4.1 assumes a simplistic view of CRIB with only simple integer instruc-
tions. In this section, the CRIB concept is expanded into a realistic execution core. With
only the four entries described in Section 4.1, CRIB will have a very limited reach for
extracting instruction level parallelism. Thus, scaling up CRIB is necessary for high per-
formance. Section 4.2.1 illustrates how CRIB is scaled up into partitioned CRIB. Load
and store instruction handling is described in Section 4.2.2. Section 4.2.3 and Section

4.2.4 explain branch misprediction handling and the floating point unit.

4.2.1 Partitioned-CRIB

Scaling up CRIB is crucial to extract instruction level parallelism and achieve high
performance. One way to scale up the CRIB is by simply increasing the number of CRIB
entries. However, because all instructions have to stay in the CRIB until all of them finish

executing, simply increasing the number of CRIB entries will lead to low utilization and
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will delay dispatch of later instructions into the window.

Another way to scale-up the CRIB is by replicating the CRIB into a partitioned-
CRIB as shown in Figure 4-4. The partitioned-CRIB is maintained in a circular fashion.
Instances of the architected register file are inserted between CRIB partitions. Only the
architected register file at the head of the partition has the committed state of the program.
As a partition completes execution, the head or commit pointer is moved to the next archi-
tected register file instance. To allow register values to travel through the architected reg-
ister file to the next partition without getting latched, transparent flip-flops are used
[38][43]. The architected register file flip-flops that are not holding the committed state of
the program are left transparent, reducing power consumed for clocking latches. Ready
instructions in CRIB partitions can evaluate concurrently, exposing additional parallelism.
Data values take an additional cycle to travel from one partition to the next, adding a cycle
of delay between dependent instructions that are in adjacent CRIB partition. Although
data is not latched, complete signals are always latched every cycle to ensure a fully syn-
chronous design. A partitioned-CRIB with a few entries per partition can prevent dispatch
bottlenecks due to improved utilization, but it incurs extra cost due to additional archi-
tected register file latches between partitions. Sensitivity to the size and the number of
CRIB partitions is explored in Chapter 6.

Figure 4-5 shows how the complete signal travels from one CRIB partition to the
next. Architected register file consists of data portion, which use transparent flip-flops,
and completion bits, which use regular flip-flops. Each CRIB entry also has its own com-
pletion bits. In the example, instructions in CRIB 0 are inserted at cycle 0 while instruc-

tions in CRIB 1 are inserted at cycle 1. Before instructions in CRIB 0 are dispatched, R2
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FIGURE 4-5. Completion Bit Propagation in Partitioned CRIB. Grey/shaded area are trans-
parent latches

in both architected register files are marked as complete. As the instructions are dis-
patched at cycle 0, the following happens.
Cycle 0:A is dispatched to CRIB 0 and clears its completion bit.
ARF 0 serves as the head of the CRIB
Cycle 1:As R2 is ready, A executes and sets its completion bit.
The completion bit of R2 at ARF 1 is unset
B is dispatched to CRIB 1 and clears its completion bit.
Cycle 2: A’s completion bit propagates,
R2’s completion bit at ARF 1 is set.
The completion bit of R2 at ARF 2 is unset.

Cycle 3: B executes and sets its completion bit.
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FIGURE 4-6. Producer-Consumer Pipeline Diagram.

Cycle 4: B’s completion bit propagates and
R2’s completion bit at ARF 2 is set.

The above examples assume more than two CRIB partitions. In the case where
there are only two CRIB partitions, what happens at cycle 4 changes slightly since there is
no ARF 2. Two cases can happen. In the first case, all instructions in CRIB 0 execute at
cycle 1. Hence they are all written back and retire at cycle 2 and the head is now ARF 1.
Thus in cycle 4, B’s completion bit propagates back to ARF 0. The other case happens
when the head of the CRIB is still ARF 0. In this case, B’s completion bit will not propa-
gate back to ARF 0, until the head of the CRIB moves to ARF 1.

Figure 4-6 summarizes the producer-consumer pipeline in CRIB. When both pro-
ducer and consumer happens to be in the same CRIB, execution happens in back-to-back
cycles. If the consumer happens to be in the next CRIB, the data takes one cycle to propa-
gate to the next ARF and the consumer can execute the next cycle. If the consumer is

located further way, i.e. the producer is at CRIB 0 while the consumer is at CRIB 2, the
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FIGURE 4-7. CRIB Load Instruction Handling. Assuming 2-cycle d-cache latency

data takes two cycles to propagate: one cycle to propagate to ARF 1 and another cycle to
propagate to ARF 2. Then, the consumer can execute in the following cycle.

So far simple integer instructions are assumed, so resources are easily replicated in
each CRIB entry. However for other instructions, replication is too expensive and a differ-
ent approach is needed. The next few sections will explain how different instructions are

handled in CRIB. For simplicity of explanation, a four-entry partitioned CRIB is assumed.

4.2.2 Memory Instructions

As explained earlier, the CRIB entries do not latch instruction results; instead each
CRIB entry’s ALU keeps driving its result into its logical register destination column.
However, applying the same approach for load instructions would require holding a cache
port for the entire evaluation of a CRIB partition, and would create too much demand for
cache ports. Instead, CRIB uses the load queue to latch the data and holds the read port to
the load queue as long as load instructions stay inside the CRIB.

Figure 4-7 shows how a load instruction is handled in CRIB. As a load instruction
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is dispatched into the CRIB, it is assigned a load queue entry. When the load instruction
becomes ready, address generation is done inside the CRIB entry using the integer ALU.
At the end of the cycle, the address is latched into the load queue and the ready bit is set. A
simple FIFO arbiter checks the load queue every cycle to find ready instructions to be exe-
cuted. At the next cycle, the arbiter picks the load instruction. The load is then executed as
in a conventional machine where it access the cache and associatively searches the store
queue. For architectures with a segment register like x86 architecture, the segment register
is also read and combined with the offset to create the memory address. The segment
selector is also written to the load queue to create the full memory address in the load
queue. Once the load fetches the data from either the store queue or cache, the data is then
written to the data portion of the load queue. A completion bit in the load queue entry as
well as the one in the CRIB are then set. To drive the data up the destination register wire,
the read port for the load queue data is held open as long as the load resides in the CRIB.
To avoid an excessive number of full read ports, the load queue is banked to match
the number of CRIB partitions. Each load queue bank only needs as many read ports as the
number of load instructions in each CRIB partition. Because load instructions compose
40% - 50% of total instructions on average in our workloads, we limit the number of load
instructions in each CRIB partition to two. This kind of limitation (the number of memory
instructions per dispatch group), is not uncommon and is widely adopted in current micro-
processors [83][47]. When the limit is reached, the dispatch logic stalls. A similar limita-
tion is also imposed on store instructions; only one store is allowed per CRIB. When a
store instruction is ready and issued, it writes its address and data into the store queue.

When the CRIB partition finishes, the store address and data are sent to the write buffer or
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FIGURE 4-8. Recovery Example on Load-Store Misorder.

cache.

In CRIB, load and store instructions are ordered aggressively as in out-of-order
machines. Ready younger load instructions executes even when there is an older incom-
plete store instruction. While a flush recovery is required in conventional out-of-order
machines, a simpler re-execution is enough for CRIB. As shown in Figure 4-8, an invali-
dation signal from a mis-ordered older store results in the violating load queue entry de-
asserting its completion bit. The deassertion of the load instruction completion bit propa-
gates to to its dependent, the SUB instruction in the Figure 4-8, and triggers the deasser-
tion of the dependent’s completion bit. Once the load instruction retrieves the correct data,
the completion bit is asserted once again. As illustrated in Figure 4-8, the ADD instruction
does not need to deassert its completion bit because it does not depend on the output of the
load instruction. In order to avoid any invalid latching, a store instruction has to invalidate
all misordered load instructions before it sets its completion bit.

This recovery mechanism is very lightweight, so CRIB does not need to use any
memory disambiguation predictor, such as Alpha style [47], or store set [20], for its load-

store reordering. Instead, CRIB can simply assume that no misordering will happen and
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FIGURE 4-9. CRIB with additional checkpointing capability. Added checkpointing logic is
shown in grey color

issues load instructions as soon as they are ready. This aggressive reordering can be espe-
cially advantageous when typical predictor produces many false hits and reduces the
potential parallelism that can be extracted from this non-aliasing load instructions.
Instructions are allowed to retire from a CRIB when all of them have finished exe-
cuting. This means that a level-2 cache miss can stall the CRIB for a long time, and it is
very costly. In order to avoid stalling the CRIB on level-2 cache misses, a simple runahead
mechanism [22][64] is used. To support runahead, a second copy of the ARF is needed
and a poison bit is added to each of the register column and to each of the CRIB entries.
When a load instruction detects that it has a level-2 cache miss, it assumes completion by
setting its completion bit. In addition to that, it also sets its poison bit since its data is not
valid. The poison bit propagates in a similar manner as the completion bit. When all
instructions complete, the ARF is clocked . Checkpointing logic detects that this is the
first time some poison bits are detected and triggers an ARF copy to its shadow copy. Thus

the previous ARF value is now copied in the shadow copy and the ARF now contains the
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FIGURE 4-10. CRIB branch misprediction recovery.

new and poisoned value. The PC address of the first entry of the CRIB is also recorded in
the control unit. The pipeline proceeds as before. When the missed load returns, the CRIB
is flushed. Fetch is redirected to the stored PC, and the checkpointed ARF is restored.

In CRIB runahead, poisoned runahead load instructions are not sent to the cache as
the address might be invalid. For simplicity, store instructions under runahead mode are

thrown away, since we did not observe significant benefit from a runahead cache [64].

4.2.3 Branch Instructions

Without explicit register renaming, branch misprediction handling in CRIB is
much simpler than in conventional out-of-order machines. Branch misprediction handling
in conventional out-of-order machine varies from register alias table (RAT) checkpoint-
ing, reorder buffer unrolling, and retirement RAT mechanism. Retirement RAT is the sim-
plest and slowest among the three. RAT checkpointing provides a faster but more complex
handling. Checkpoint creation for all branch instructions in the window is quite costly.
Thus, a limited number of checkpoints are usually used. To avoid excessive correct-path
re-execution, checkpointing can be used together with reorder buffer unrolling.

In CRIB, branch misprediction and precise exception handling is much simpler
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and precise. On branch mispredictions, the mispredicted branch drives a global signal up
the CRIB that forces youngest instructions to transform into NOPs. The NOPs stop over-
writing their logical destination registers. Once execution finishes, the ARF captures the
correct state of the program at the branch boundary, as shown in Figure 4-10. A few addi-
tional cycles are needed to cleanup the store queue and the load queue from younger

instructions. The same approach can be used for precise exception handling.

4.2.4 Complex Integer Instructions

Complex integer resources, such as multiplication and division units, are shared
since they are too expensive to replicate. The units are pipelined as in a conventional
machine. However, since CRIB does not latch execution results, the final pipeline stage
has to be occupied by the instruction until the result is latched back into the ARF. Once the
result is written back, the next instruction in the pipeline can then move to the last stage
and drive its output to its destination register column. To avoid deadlock, complex integer
instructions per CRIB are limited to the number of units available and complex instruc-
tions have to be issued in order. In other words, if there is only one multiplication unit, the

number of multiply instruction per CRIB is limited to one.

4.2.5 Floating Point Instructions

Floating point instructions are handled in the same way as integer instructions. A
floating point CRIB is placed side by side with the integer CRIB. This floating point CRIB
is able to handle floating point execution and other non-integer execution such as SIMD
extensions. If a partition contains floating point instructions, they are placed into the float-

ing point CRIB rather than in the integer CRIB. Simple integer SIMD units are replicated
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FIGURE 4-11. Floating Point CRIB.

for each entry of the floating point CRIB. FP units such as addition, multiplication, divi-
sion, square-root, and others are shared in the same way as the complex integer units in the
integer CRIB. A similar limitation to the number of FP instructions in a CRIB partition is
also imposed, i.e. if there are two FP add-multiply, one FP division, and one SSE multipli-
cation/division, then the number of FP add-multiply instructions in the CRIB is limited to
two, and FP division instruction is one, and so on. Communication between integer and FP
registers occurs through load and move operations. Communicating instructions reside in
both integer and floating point CRIBs. The communication itself is done via the load
queue or additional links, as shown in Figure 4-11. If the communicating instruction is a
load, the address calculation is done in the integer CRIB, but the load result is read by its
floating point counter part. For a move instruction, one half of the instructions does the
input routing while the other half does the output routing. The data itself is sent using the
communication links. There is a pair of communication links for each entry, one for each

direction.

4.2.6 Miscellanous Details
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While most instruction handling has been explained, there are some miscellaneous
issues specific to x86 architecture. In this section we address these miscellanous details.

Temporary registers and atomic commit. X86 instruction set requires micro-op
translation. In addition to the architected registers, there are temporary registers needed
for communication between micro-ops. In CRIB, temporary registers are treated as one of
the architected registers. A register column is allocated for each of the temporary register.
Micro-ops can also be safely split across partitions. This is not a problem, as long as the
micro-ops overwriting architected registers (as opposed to temporary registers) reside in
the youngest partitions. In other word, the micro-op writing the architected register should
be the last micro-op of that particular instruction. Thus, if an exception occurs and the last
micro-op that writes to the architected register has to be flushed, only the temporary regis-
ters have been affected in the ARF, leaving architected state that is precise at the preceding
macro-instruction boundary.

Partial register writes. In a conventional out-of-order x86 machine, partial regis-
ter writes is an issue that requires a complex solution. Due to the fact that the write only
happens to part of the register, the portion of the register that is not being overwritten has
to be retrieved from the older definition of the register. Thus, the partial write instruction
has to first read the older value of its definition register, reads its own sources, performs
the necessary computation, concatenates the older value with the newer value, then writes
it back. Although these steps can be implemented in several different ways, it is rather
complex and expensive. Unfortunately, this partial register writes are often used for SSE
instructions. SSE register width is 128-bits. However, load instruction width is only 64-

bits. It means that two load instructions are needed to fill one SSE register, each of them
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FIGURE 4-12. CRIB with Deeper Pipeline.

write a partial result into the register.

On the other hand, partial register writes are trivial to implement in CRIB. The
CRIB entry that needs to do the partial write can simply choose to overwrite the part that
needs to be overwritten and propagate the rest of the value from the older value. CRIB can
also be expanded to treat each portion of the register as a separate register column and
assign a completion bit to each portion. While it requires additional cost, it can be benefi-
cial on certain programs where partial register reads and writes happen frequently, such as

some floating point benchmarks presented in Chapter 6.

4.3 CRIB with Deeper Pipeline

In a realistic design, area constraints will limit the number of CRIB partitions to a
small enough number that CRIB occupancy will stall dispatch. Since A CRIB partition is
not reclaimed until all instructions in it have finished, the occupancy of that partition is

determined by the latency of the longest path through the partition’s dependence graph.
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One way to reduce that latency, and improve occupancy, is to deeply-pipeline the CRIB
hardware and clock it at a faster rate. Deeper pipelining comes at a high cost in a conven-
tional out-of-order machines, since the data has to be latched in every pipeline stage, lead-
ing to additional area and power. But more importantly, the latch latency overhead, latch
setup time, and clock propagation, reduces the benefit of increased clock rate. As the pipe-
line grows deeper, the total latency to finish the same computation increases due to latch
overhead.

Since CRIB only latches the control/status bits, which are few and off the critical
path, CRIB is able to implement deeper pipelining without suffering the same overhead as
conventional machines. Figure 4-12 shows completion bit propagation for CRIB and the
modifications necessary to implement a deeper pipeline. The shaded areas are transparent
latches. As seen in the left picture, the data propagation path in CRIB mostly consists of
two segments. The first is the propagation of data from the ARF to the CRIB entry and
execution. The second segment is the propagation of the result to the next ARF. There is a
vast imbalance between the first and second segments, with the first segment being the
critical one. In the right picture, the critical path is now separated into two segments, in
which the first one is the data propagation from the sources (can be ARF or another CRIB
entry) to the CRIB entry, while the second one is the execution itself. Completion bits are
no longer latched in the ARF every cycle. Instead, they are propagated using transparent
latches. Completion bits are latched in the ARF when the instructions in the CRIB finish
executing, just as the data bits. The ALU latency is used as the critical path to determine
the new cycle time. Our results show that we can double frequency with this pipelining

technique. We found that the result can propagate as fast as the next four entries in the
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FIGURE 4-13. CRIB Pipeline Diagram. Shaded blocks are clocked at a 2x frequency

CRIB within a single clock period, reducing the length of the critical dependence path and
improving CRIB partition utilization.

Figure 4-13 shows a pipeline diagram comparison between CRIB, CRIB with deep
pipeline, and an out-of-order machine. It also shows how the pipeline changes as deeper
pipelining is added. With the deep pipeline, shaded areas shown in Figure 4-13 are
clocked at double frequency of the non-shaded area. The faster cycle is called a minor
cycle while the rest of the processor uses major cycles. Input propagation, simple integer
ALU execution, and output propagation each take one minor cycle. Depending on the dis-
tance between the producer and its dependents, the output propagation can take more than

one minor cycle. Communication with the rest of the processor, dispatch, and writeback, is
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FIGURE 4-14. Execution Schedule Diagram. CRIB, CRIB w/ deep pipeline, and baseline out-of-
order machine

done at major cycle boundaries.

Figure 4-14 illustrates when instructions are dispatched and executed in CRIB
based on their dependencies. For comparison, instruction progress in a baseline out-of-
order machine is also included. The example assumes the pipeline shown in Figure 4-13,
hence the lag between execution cycle and dispatch cycle in the baseline. While CRIB
with deep pipeline finishes with the highest cycle count, it is clocked at twice the fre-
quency. Thus, it actually finishes after five major cycles, two cycles ahead of either the
baseline or the shallow pipeline CRIB. This benefit will only occur for lengthy data
dependency chains such as the one illustrated here, since it derives from compressing

dependency chains into fewer cycles.

4.4 CRIB with Data Cache Optimization

One of CRIB’s strengths is its ability to handle non-determinism in execution
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latency, including data cache latencies. Modern out-of-order scheduling logic relies on
speculative wake-up of load dependents. Non-deterministic delay from bank conflicts or
line buffer misses create additional complexity to squash the pipeline and replay the
instructions. However, CRIB does not separate dependence and data linking, thus it can
tolerate the additional non-determinism introduced by many cache optimizations. In this
thesis, we choose to pair CRIB with cache banking and line buffers to provide additional

bandwidth and additional cache power saving.

4.4.1 Cache Banking

Cache banking is a technique commonly used in lower level caches to provide
additional cache bandwidth without increasing the number of cache ports. However, cache
banking is not commonly used in level-1 cache of out-of-order machines. While increas-
ing the cache bandwidth, cache banking introduces an element of uncertainty in cache
latency due to bank conflicts. In cache subbanking, the number of ports per bank is kept
minimal, i.e. one port per bank. Bank conflicts occur whenever more than one load
instruction being issued falls into the same bank. For bank conflicts, load instructions have
to be squashed and replayed. However, since CRIB does not schedule dependent instruc-

tions speculatively, bank conflicts simply result in the load instruction being delayed.

4.4.2 Cache with Line Buffers

Line buffers are a technique proposed in the past to reduce cache energy by filter-
ing cache accesses. Similar to cache banking, line buffers introduce additional variability
to cache latency. A load instruction can possibly hit in the line buffer or not. Thus, the

technique has not been used in current generation processors despite its simplicity.
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FIGURE 4-15. Cache Organization with Line Buffers. Line Buffers are shown in shaded area

While conceptually similar with prior line buffer work [79][80][27], our proposed
line buffer is slightly different. All prior work on line buffer maintains line buffers as sep-
arate entities that can be thought of as a smaller write through cache that sits closer to the
processor. Maintaining line buffers as separate entities is expensive since the whole cache
block has to be routed out from the cache. All prior work also assumes a monolithic cache.
While commonly used at the time, a monolithic cache has been replaced with a cache
design with subarrays, where tag and data array are normally maintained separately within
their own subarrays.

In this thesis, we adapt the line buffer concept into current generation cache design
as shown in Figure 4-15. Figure 4-15 shows a four-banked cache with four subarrays in
each bank. Tag and data are maintained separately in tag and data arrays. In our design, we
utilize the pipeline latches that are already exist in the cache rather than maintaining line
buffers as a separate entity. Cache pipeline latches used as line buffers are shown in

shaded area in Figure 4-15.
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FIGURE 4-16. Line Buffer Operation. Minor cycle is annotated in the operation steps.

Line buffer operation is illustrated in Figure 4-16. The steps taken for line buffer
access in each minor cycle are annotated in Figure 4-16. Those steps are described further

below. Please note that the minor cycle is used for clarity. The access itself is done in a

combinational manner.
Minor Cycle 1:
» Send the effective address to tag array to access the line buffer associated
with the subarray being accessed.
« If set hit on line buffer, return the hit/miss signal.
If set hit and tag miss, the cache access is done, start the L2 access.
» If set miss, start the subarray access.
Minor Cycle 2:
» If set hit and tag hit, access the line buffer and return the data. Cache
access is done in two minor cycles.

e Ifitis a set miss, start the data subarray access.
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Minor Cycle 3:
« Tag comparison signal is available in data array
» Data is returned from the data array in case of hit

» Data is written into the load queue

4.5 Chapter Summary

In this chapter, we explained the concept of CRIB. Rename, issue, and bypass are
consolidated into one structure. Explicit register renaming is replaced with positional
renaming within the CRIB. The CRIB entry itself is a connection matrix connecting logi-
cal register columns into an ALU. It also connects the ALU result back to the appropriate
register column. Execution results are not latched within the CRIB. Instead, they are
latched into the architected register file when all entries finish executing. While data prop-
agation inside CRIB is done combinationally without latching, it is made synchronous by
the propagation of the completion bit.

CRIB is scaled up by replicating the CRIB into a partitioned-CRIB. Partitioned
CRIB is maintained in a circular fashion. Only the head of the CRIB has the committed
state of the program. We also explain how CRIB handles different type of instructions in
this chapter.To improve CRIB occupancy, deep pipelining is applied to CRIB, though only
to the control bits. With deep pipelining, CRIB can be clocked twice the frequency.

Lastly, we pair CRIB with two cache optimization techniques, cache banking and
line buffers. Cache banking is employed for additional bandwidth while line buffers are

employed for power saving purpose.
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Chapter 5

CRIB Design

This chapter describes the details of the CRIB design and presents modeling
results. We chose to use the x86-64 architecture in designing the CRIB as it is the most rel-
evant architecture today and in the future. However, we believe that CRIB design can be
applied to any instruction set architecture.

The modeling of a CRIB entry is first described in detail in Section 5.1. Section 5.1
is separated further into Section 5.1.1 to explain the design of original CRIB entry and
Section 5.1.2 to explain the changes necessary to implement deep-pipelined CRIB. Archi-
tected Register File modeling is illustrated in Section 5.2. CRIB modeling results are pre-
sented in Section 5.3. Last, low power data cache design to be combined with CRIB is

explained in Section 5.4.

5.1 CRIB Entry

As explained in Chapter 4.1, each entry of CRIB consists of an ALU, input router,
output router, and flip-flops for storing opcodes, input identifiers, and output identifiers, as
shown in Figure 5-1. Input routing consists of tri-state buffers that are enabled by the
source identifiers. These tri-state buffers drive the appropriate input to the ALU. For out-
put routing, two-to-one muxes are used to choose whether to overwrite the register value
to the next entry with its ALU result or to continue the previous value. The output identi-
fier drives these muxes to overwrite the right register.

As illustrated in Figure 5-1, data portion of the CRIB is propagated without any
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FIGURE 5-1. CRIB Entry. Shaded thick lines corresponds to 64-bit wire

latch. Outputs from the tri-state buffers are connected directly into the ALU; output from
the ALU is connected directly into the two-to-one muxes. Data propagation is made syn-
chronous by the control portion of the CRIB. The control bits of CRIB consist of comple-
tion bit and the poison bit. Completion bit, shown as ‘C’ latch in Figure 5-1, signals when
the result of the CRIB entry is ready to be consumed by its dependents. The poison bit,
shown as ‘P’ latch, signals whether the result produced is a speculative value due to runa-
head. Similar to the data portion, input identifiers route the completion bit and the poison
bit from the register sources to the entry. The output identifier controls which register’s
complete and poison bit to overwrite. These control bits are reset whenever a new instruc-
tion is put into the CRIB entry and are set based on the complete and poisoned bit of its
sources.

Within a CRIB partition, multiple CRIB entries are placed adjacent to each other.
The output router from one CRIB entry is directly connected to the input router of the next

CRIB entry. Thus, consumers of a CRIB entry within a partition will be executed in the
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FIGURE 5-2. CRIB Entry with Deep Pipelining.

next cycle after the producer is executed; the completion bit of the consumers will be set
the cycle after the completion bit of the producer is set.

Figure 5-1 shows the control path for CRIB entry without deep pipelining. With
deep pipelining, two additional flip-flops are required for each of the control bit as shown
in Figure 5-2. The input propagation and execution path is now broken down into execu-
tion path and propagation path. The propagation path is made synchronous with the com-
pletion bit latching. When both source operands’ completion bits are set, the execution is
done at the next cycle. At the end of the execution cycle, the completion bit of the entry is
also set, which means that the entry is done executing. Poison bit propagation is also done
in the same manner.

In a deep-pipelined CRIB, consumers within a partition are no longer executed in
the cycle after the producer’s result is available. Once the result is available, which is sig-
nifies by the completion bit being set, it will have to be propagated to the consumers’

entries. The propagation cycles can take multiple cycles depending on the distance
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FIGURE 5-3. Output Router with Glitch Avoidance. Thick line represents 64-bit wires

between the producers and the consumers. Once the result reaches the consumer’s entry,
the input-completion bit is set. When both input completion bits are set, the entry will get
executed and set its entry completion bit in the next cycle. Data propagation to consumers
outside the partition is also done in a similar manner.

Since the datapath in CRIB uses minimum latching to minimize power consumed
by flip-flops and clock tree, it is prone to glitching. Results can get propagated and con-
sumed before they are fully ready. While this does not affect the correctness of the final
consumers’ output, it increases power consumption of the consumers’ ALU. Transistors
inside the consumers’ ALU might switch back and forth a few times before settling to a
final value. To avoid glitching power, another set of tri-state buffers is added to the output
of the ALU. The tri-state is controlled by the completion bit and is enabled on the clock
cycle following the execution. Thus, the output of the ALU is exposed to its consumers

only when the result is stable. The output router with glitch avoidance is shown in
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Figure 5-3.

The CRIB entry is the only storage that an instruction has during its execution,
thus it needs to store all necessary information for each instruction, similar to an ROB
entry. An integer CRIB entry has a total of 147 bits of storage. Out of the 147 bits, 145 bits
will be written during dispatch, while complete and propagate bit will be set accordingly.
A floating-point CRIB has 51 bits, 96 less bits than the integer counterpart since it does
not need to have the instruction PC and the immediate value storage. The 147 storage bits
in an integer CRIB consists of:

* Valid bit - 1 bit

* Instruction PC - 64 bits

* Opcode - 7 bits

» Left input source identifier - 20 bits

* Right input source identifier / immediate values - 32 bits
» OQutput identifier - 20 bits

* Load queue index - 1 bit

» Complete and poisoned bit - 2 bits

We chose to use the x86-64 architecture in this research as it is the most relevant
architecture today and in the future. The x86-64 has sixteen general purpose register, 64
bits each, and a 32-bits EFLAGS register. For internal uop cracking, three temporary reg-
isters are added making the total integer register count twenty and the total number of bits
1280. For x87 floating point support, there are eight 80-bit floating point registers, one 16-
bits control register, one 16-bits status register, and one 16-bits tag register. MMX technol-

ogy requires eight MMX registers, 64 bits each, that are aliased to the x87 floating point
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registers. SSE adds sixteen XMM registers, 128 bits each, and a 32 bits MXSCR. The
instruction PC is also added to the integer register state. By adding the instruction PC into
the register state, the CRIB partition no longer needs a write port to read out instruction
state in the case of branch misprediction or exception. This specification results in 1312
bits and 2768 bits of spatial register state overlaid on the integer CRIB and floating point
CRIB. Additional 2 x 20 bits (16 registers + 3 temporary registers + 1 flag) for integer
CRIB completion and poison bits and additional 2 x 26 bits (8 x87 registers, + 1 con-
trol/status/tag + 16 XMM registers + 1 MXCSR) for floating-point CRIB completion and
poison bits are added on top of the 1312 bits and 2768 bits stated above. Given this speci-
fication, Section 5.1.1 describes the design of the CRIB with an objective of reaching a
competitive cycle time without sacrificing back-to-back execution of dependent instruc-

tions. Next, Section 5.1.2 explains how the design changes to accommodate deep pipelin-

ing.

5.1.1 CRIB

One restriction we use in our design is to match the cycle time of the baseline out-
of-order machine described in Section 3.4. With this cycle time restriction, our design goal
is to enable a back-to-back execution between a producer and a consumer within a CRIB.
This parameter limits the number of CRIB entries that can be put into the execution array
as the output of the producer needs to travel through the output routers of each intervening
entry before reaching its consumer. Related to this parameter, the output of an entry should
also be able to reach the architected register file in one cycle so that writeback can occur in
the cycle following execution of the last entry.

For this cycle time goal, we choose the larger latency between the wakeup-select
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Table 5-1: Delay, Energy, and Area for CRIB.

Integer CRIB Floating-Point CRIB
Delay (ns) | Energy Area |Delay (ns) | Energy Area
_ ) | wm) ) | wmd)

Input Router Driver 0.08 1.43 10240 0.08 2.01 18576
Tri-State 0.07 0.07

ALU ALU 0.56 5.84 10214 0.55 11.68 20428
Tri-State 0.05 0.05

Output Router |Driver 0.08 0.75 4561 0.08 0.86 8395
Mux 0.05 0.05

Storage Delay 0.14 0.69 1164 0.14 0.60 404
Setup Time 0.11 0.11

Area of One CRIB Entry 26021 48150

Area of Four-Entry CRIB 104716 191212

loop in the reservation station and the ALU-bypass loop in the functional units. The
wakeup-select loop latency is 0.90 ns and ALU-bypass loop is 0.69 ns. Thus the critical
path latency is 0.90 ns before adding flip-flop overhead. Flip-flop delay is 0.14 ns and flip-
flop setup time is 0.11 ns, setting a baseline cycle time of 1.15 ns. While this latency is
clearly not competitive with current generation full-custom designs, we believe that rela-
tive comparisons are still meaningful because both the baseline and the proposed design
use the same design methodology.

We categorize the combinational delay of our proposed CRIB entry into four care-
gories: the input router, the ALU, the output router, and the flip-flops. For the integer
CRIB, the input and output router has to route 20 registers . Correspondingly, the floating-
point CRIB has to route 28 registers. Delay, energy, and area estimates are shown in
Table 5-1.

The delay of the input and output router is separated into the driver delay and the
tri-state delay. The driver is a series of inverters to strengthen the input/output identifiers
stored in the flip-flops to drive the tri-states/muxes to choose its input or overwrite the out-

put. The driver delay only affects the delay when the instructions are first moved into the
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CRIB and it is often hidden. ALU delay is separated into the ALU combinational delay
and the gitch avoidance tri-state delay. The worst combinational delay for a CRIB parti-
tion occurs when all entries are simple ALU instructions that are independent of each
other. They are all executing on the very next cycle after being dispatched and they are all
writing back the cycle after. The worst delay during the execution cycle happens for the
fourth entry where its input has to travel through the output router of the first three entries
before being executed in its ALU. So the worst combinational delay for the execution
cycle is 0.08 (driver) + 3 x 0.05 (three output router) + 0.07 (input router) + 0.56 (ALU),
equal to 0.85 ns, comparable to the baseline combinational delay. For the write-back
cycle, the worst combinational delay occurs for the first entry where the result has to travel
all the way to the ARF. Its delay is 0.05 (glitch avoidance tri-state) + 4 x 0.05 (four output
router), equal to 0.25 ns. So the worst combinational delay of a four-entry CRIB is 0.85 ns,
slightly less than the worst combinational delay of the baseline’s 36-entry reservation sta-
tion delay of 0.90 ns.

Energy is calculated using the assumption that only two out of the 20 tri-states in
the input routers are switching as each input router only reads one out of sixteen registers.
A similar assumption is applied to the output router energy calculation. For the storage
bits, we assume 147 bits for integer CRIB and 51 bits for the floating-point counterpart.
The storage energy is the energy consumed when a group of instructions is inserted into
the CRIB, assuming a 50% switching factor.

We do not have detailed delay, energy, and area estimates for the MMX/SSE inte-
ger vector unit that is integrated into each floating-point CRIB entry. However, we believe

that the delay should be approximately the same as the integer ALU because the short vec-
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FIGURE 5-4. Proposed CRIB Partition Floor Plan.

tor arithmetic operations do not have to propagate a full 64-bit carry. The area and energy
Is estimated as twice the integer unit because the XMM registers are 128 bits wide, vs 64
bits in the integer ALU.

We also consider the dimensions of the CRIB with 1312 + 20 + 20 (integer) and
2768 + 26 + 26 (FP) register path wires going across. We choose metal layer 4 for the reg-
ister columns. Following the layout rule specified by the library, metal layer 4 requires a
minimum width of 0.1 um and a minimum spacing of 0.1 um. Thus, the total width of the

register columns is 270.4 um and 564.2 um. The area of four-entry integer and floating-

point CRIB are 104716 um? and 191212 um?. By taking the square-root of the integer
CRIB partition as the height and the width of the integer CRIB partition, integer CRIB
partition has 323.6 um as its height and its width as shown in Figure 5-4. Maintaining the
same height as the integer CRIB partition, floating-point CRIB partition has a width of
590.1 um Hence, the CRIB area should not be wire-dominated, despite the seemingly
large number of wiring channels that span it, even when all wires are in a single metal

layer.
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While the delay calculation above already takes cell capacitance into account, it
has not calculated the time for the signal to travel through the wire itself. The wire delay

calculation using distributed RC model [40], 1/2R ieCuire, fOr 564.2 um x 0.1 um metal
layer 4 is 0.052 ps. This calculation is done with Ry, equal to 0.14 ohms per square dis-
tance and C,,e equal to 0.000232 pF per square distance. Thus, the wire delay can be con-
sidered negligible in the cycle time delay calculation. Although register columns appear to
be long global wires, they are in fact short point-to-point links, as they are repeated at each

CRIB entry output router.

5.1.2 CRIB with Deep Pipelining

With deep pipelining, the cycle time restriction to enable back-to-back execution
within a CRIB partition is no longer relevant. In deep pipelined CRIB, the control bits are
no longer being latched at the architected register file every cycle. Thus, the producer-con-
sumer data propagation delay is no longer determined by the number of CRIB partitions
separating the two. Instead, data propagation delay is determined by the number of CRIB
entries between the producer and consumer.

As mentioned earlier, the data propagation path in the deep-pipelined CRIB is sep-
arated into the execution path and the propagation path. As the path becomes shorter,
deep-pipelined CRIB can be clocked at a faster rate. For deep-pipelined CRIB, the cycle

time latency is calculated using the following equations:

cycle time = max(data latency, control latency)..........cccceevevvevennnne. @
execution_latency = max(ALU latency, ready latency) ................... 2
propagation latency = max(data latency, control latency).............. 3)

The execution path can be separated into ALU latency and ready latency, while the propa-
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gation path can be separated into data and control propagation. Propagation latency for
equation (3) depends on how many CRIB entries the propagation spans. Thus, we use exe-
cution path (2) to determine the cycle time. Ready latency is calculated as an AND gate
delay plus FF setup and delay time. ALU latency is simply the ALU latency of 0.56 ns
because the datapath is not latched. Using a cycle time of 0.56 ns, the number of entries
that completion bit can propagate is calculated to be four entries per the following calcula-
tion:
0.56 = 0.25 (FF overhead) + x * 0.05 (output router delay) +
0.04 (transparent FF delay) + 0.07 (input router delay)

Thus, with a cycle time of 0.56 ns, the data and ready bit can propagate to the next four
entries. Using this cycle time, the CRIB is clocked at twice the rate of the baseline

machine, which is 1.15 ns.

5.2  Architected Register File

Transparent flip-flops [38][43] are used for the data portion of the architected reg-
ister file to allow data values to travel from one CRIB partition to the next without being
latched. However, regular flip-flop is still used for completion bits and poison bits of the
architected register file. Table 5-2 shows the delay characteristic of both flip-flop as char-
acterized by Hill et al. [38]. Reference [38] shows the energy characterization differenti-
ated by the fact whether the input signal is rising or falling. For simplicity, Table 5-2
shows the average of the two. For transparent flip-flops, the switching energy is differenti-
ated into two terms. The first one is when the switch occurs before the clock is applied and

the second term is after the clock is applied. The area is taken from our TSMC library for
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Table 5-2: Delay Characteristic of Regular and Transparent Flip-Flop.

Latency (ns) Energy () Area (Um®)

tsetup clockto Q |[transparent | Switch | No-Switch
'Regular Flip-Flop 0.11 0.14 N/A 5.50 0.72 7.02
Transparent Flip-Flop 0.11 0.14 0.22 |14.78 + 0.72 0.72 7.92

Table 5-3: Energy and Area of Architected Register File in one CRIB partition.

Energy (pJd) Area (Um-2)
Integer ARF 0.199 21415.68
Floating-Point ARF 0.398 44668.80

regular flip-flops. Given the fact that transparent flip-flops do not add anymore transistors
into a flip-flop design, except for adding more control signals, we assume they both have
the same area.

Every CRIB partition has two copies of the architected register file (ARF): the
active copy and the checkpointed copy. Each of these copies has 1312 and 2768 transpar-
ent flip-flops for integer and floating-point ARF. An additional 40 and 52 regular flip-
flops are added for completion and poison bits for integer and floating-point ARF. Thus,
the total number of flip-flops for the integer ARF is 1352 x 2 = 2704 and the total number
of flip-flops for floating-point ARF is 2820 x 2 = 5640 for each partition. Table 5-3 shows
the energy per write and area for integer and floating-point architected register file. Write
energy is calculated using 50% switching factor; it assumes perfect clock gating, only the
register being written is clocked. Read energy is considered free since there is no port

associated with the architected register file.

5.3 Modeling Results

We use the area of the baseline2 machine to determine the number of CRIB parti-
tions that we can have. Our modeling results show that four four-entry CRIB partitions

(4x4) have comparable area with baseline2, which is an Intel Nehalem like out-of-order
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Table 5-4: Energy and Area of Baseline Machine.

Four-Partitioned Baselinel Baseline2
CRIB 000 Machine 000 Machine

Energy | Area | Energy | Area | Energy | Area

(pJ) (mm?) (pJ) (mm?) (pJ) (mm?)

Integer Register Alias Table - - 3.29 0.058 3.29 0.058
Floating-Point Register Alias Table - - 3.25 0.062 3.25 0.062
Reorder Buffer - - 9.16 0.100 11.83 0.302
Reservation Station - - 10.90 0.071 13.71 0.322
Immediate RAM - - 3.53 0.025 3.75 0.056
Integer Register File 0.199 0.086 8.04 0.151 9.82 0.282
Floating-Point Register File 0.398 0.179 17.03 0.308 18.50 0.481
INT CRIB/ INT ALU + bypass 13.96 0.419 7.73 0.050 7.73 0.075
FP CRIB / FP ALU + bypass 21.17 0.764 12.63 0.026 12.63 0.026
Load Queue 2.32 0.015 2.32 0.015 13.33 0.204
Store Queue 1.16 0.008 1.16 0.008 10.56 0.093
Level-1 Data Cache 51.06 0.546 51.06 0.546 51.06 0.546
Total Area 2.017 1.420 2.507

processor. We model impacted structures in both baselinel and baseline2 as explained in
Section 3.4. Machine configuration in Table 3-1 is used to determine the dimension of
each structure. Energy and area comparisons among these structures are shown in Table 5-
4. The energy listed is energy per access while the area shown is the total area for each
structure. We assume that complex floating-point units remain the same without any mod-
ification so we do not model those structures.

The area and energy shown in Table 5-4 is derived from the area and energy of
CRIB entries shown in Table 5-1 and the area and energy of architected register file shown
in Table 5-3. The ALU energy for CRIB includes the energy to insert instruction into the
CRIB, input router energy to read input operands, the ALU itself, and eight times output
router energy. This is assuming that on average each destination result has a lifetime of
eight instructions ahead before being overwritten. Load queue and store queue energy for
CRIB is the same as the load queue and store queue energy for baselinel machine since
both have the same queue size. The level-1 data cache is modeled as a single banked cache

using CACTI.
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Table 5-5: Banking Results Comparison for 64KB, 64B, Direct Mapped Cache.

Latency (ns) Energy (pJ) Area (mm*)
[T-Banked 1.24 51.06 0.546
4-Banked 1.23 42.39 0.717

Table 5-4 shows that CRIB has an area of 2.017 mm?, 19% smaller than baseline2
and 42% larger than the low-performance baselinel. Table 5-4 also shows that several
major structures are eliminated in CRIB. The area estimation can also be used to estimate
the leakage power of CRIB design, as it is mostly proportional with area. Besides remov-

ing major structures, CRIB also removes many pipeline latches. We estimate a removal of

1420 pipeline latches, resulting in additional area saving of 0.017 mm? and energy saving
of 3.935 pJ per cycle. The power reduction of the simpler clock-tree needed for the CRIB

design is harder to quantify, as there are fewer pipeline latches that need to be clocked.

5.4 Cache Optimization

As explained in Section 4.4, CRIB allows the usage of cache optimization without
suffering the side effect of latency non-determinism. We use cache banking to provide
additional bandwidth for the deeply pipelined CRIB and line buffers to save additional

power.

5.4.1 Cache Banking

Cache banking increases the bandwidth of a cache without increasing the number
of ports nor pipelining it deeper. Table 5-5 shows the cycle time, latency, energy per
access, and area of a 1-banked cache and a 4-banked cache. Both 1-banked cache and 4-

banked cache have similar latency. The resulting area of a 4-banked cache is slightly

larger than 1-banked cache, 0.717 mm? compared to 0.546 mm?. The energy per access is

90



Table 5-6: Delay and Energy Components for 64KB, 64B, DM, 4Bank Data Cache with Line

Buffer.

Tag Array Data Array

Delay Energy Delay Energy

_ (ns) ®) | (ns) () _
Routing In 0.11 0.90 [Routing In 0.11 3.97
Row Decoder 0.23 0.46 JRow Decoder 0.33 1.01
Bitline 0.04 0.87 |Bitline 0.20 8.94
Sense Amplifier 0.01 1.94 ]Sense Amplifier 0.01 1.94
Line Buffers R / W 0.00/0.15 | 0.00/0.64 |Line Buffers 0.00/0.15 | 0.00/6.37
Comparator 0.10 0.59 |Subarray Output Driver 0.16 5.75
Subarray Output Driver 0.09 0.04 [Routing Out 0.11 8.49
Routing Out 0.11 0.09 [Precharge N/A 2.14
Precharge N/A 2.14
Line Buffer Hit 0.41 1.62 |Line Buffer Hit 0.38 18.21
Line Buffer Miss, 0.64 7.67 |Line Buffer Miss, 1.07 38.61
Cache Hit Cache Hit

slightly smaller, 42.39 pJ compared to 51.06 pJ.

With cache banking, load instructions can now be issued every minor cycle (up to
two load instructions issued per major cycle) rather than one load instruction every major
cycle. Increasing cache bandwidth also requires an increase in store queue associative
search bandwidth. With only a 4-entry store queue, pipelining the store queue to enable an

access every minor cycle should not be difficult.

5.4.2 Line Buffers

Line buffers give the advantage of performance and power at the same time. On a
line buffer hit, it only takes 2 minor cycle to do the cache access while it takes 3 minor
cycles in the case of a line buffer miss. Table 5-6 shows the delay and energy components
for a 4-banked 4-way 64KB data cache with 64 byte blocks. Total energy spent when the
access hits in the line buffer is 19.83 pJ, roughly 43% of the 42.39 pJ of energy spent on a
full access. When an access hits in the line buffer but turns out to be a miss (no tag match),
the energy spent is lower, 7.87 pJ, because the line buffer in the data array is not even

accessed. In our design, line buffers are implemented using latches. The delay and energy
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shown for the line buffers are divided into two categories: read access during line buffer
hit and write access during line buffer miss. Since the line buffer are implemented using
latches, the energy and delay for a read is practically zero (no switching). The non-zero
energy and delay shown in Table 5-6 is for writing new values into the latches, which hap-
pens in case of a line buffer miss.

The total delay in the case of a line buffer hit is 0.79 ns, which nicely fits into two
minor cycles. The total delay in the case of line buffer miss but cache hit is 1.48 ns, barely
a fit into three minor cycles. After adding the FF setup and delay into the 1.48 ns to write
the data back into the load queue, it becomes 1.73 ns. The delay is slightly larger than
three minor cycles and thus considered as four minor cycles. These delays are calculated
using the following equations:

Line Buffer Hit Latency =
Tag Routing In + Tag Comparator + Tag Subarray Output Driver +
Tag Routing Out + Data Routing In + Data Subarray Output Driver +
Data Routing Out

Line Buffer Miss Latency =
Tag Routing In + Tag Comparator + max (
( Tag Row Decoder + Tag Bitline + Tag Sense Amp + Tag Line Buffer +
Tag Comparator + Tag Subarray Output Driver + Tag Routing Out +
Data Routing In),
(Tag Subarray Output Driver + Tag Routing Out +
Data Routing In + Data Row Decoder +

Data Bitline + Data Sense Amp +Data Line Buffer)) +
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Data Subarray Output Driver + Data Routing Out

5.5 Chapter Summary

In this chapter we describe the implementation of CRIB in detail. X86-64 architec-
ture is assumed for CRIB implementation. CRIB’s delay, energy, and area are analyzed.
Using the cycle time limitation of baseline2, four-entry CRIB partitions are chosen. Using
area limitation of baseline2, the CRIB is configured to have four four-entry partitions. The
latency, energy, and area of the cache with banking with line buffers are also analyzed.

CRIB has comparable cycle with baseline2. In the final area comparison, CRIB’s area

with 4-banked cache is 2.188 mm? compared to baseline2 area of 2.507 mm?.

The next chapter presents a detailed performance and energy evaluation of CRIB
implementation. Energy analysis done in this chapter is used to calculate the total energy
consumption for each benchmark. We will also perform sensitivity studies and detail

benchmark analysis to help explain our results.
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Chapter 6

Experimental Evaluation of CRIB

This chapter presents a detailed performance and energy evaluation of our imple-
mentation of CRIB. It begins with sensitivity studies in Section 6.1 to see if our design
configuration explained in Section 5.3 is an optimal configuration. We first compare the
IPC of CRIB with different number of CRIB entries to see the sensitivity of CRIB perfor-
mance in response to window size. Using the same number of CRIB entries, we then com-
pare different numbers of hops for deeply pipelined CRIB. A performance and energy
comparison with our two baseline machines is provided next in Section 6.2. The perfor-
mance comparison considers different aspect of CRIB that could possibly have impact in
the performance and quantify them separately. Energy comparison is broken down into
different structures to help understand where the energy saving comes from. The impact of
cache banking and cache with line buffers is discussed in Section 6.3 . Throughout this
chapter we also present characterization data to provide additional insight into our results.
Detail per-benchmark analysis for some of the outlier benchmarks are explained in further
details in Section 6.4.

Details regarding the baseline machine configuration and CRIB configuration used
in this evaluation can be found in Section 3.2 and Section 5.3. We selected two different
baseline machines in our evaluation. Baselinel machine is an out-of-order machines with
window size similar to the CRIB configuration being used. Baselinel mainly serves as
sanity check for our CRIB performance comparison. Baseline2 machine represents current

generation aggressive out-of-order machine with large window, modeled after Intel
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Nehalem core [76]. Unless otherwise specified, ‘CRIB’ in figures refers to CRIB with

deep pipelining.

6.1 Sensitivity Studies

In this chapter we present two sensitivity studies. The study discussed in Section
6.1.1 studies performance sensitivity to the number of CRIB entries. Maintaining the same
number of CRIB entries, we study different CRIB partition configurations in Section

6.1.2.

6.1.1 Performance Sensitivity to the Number of CRIB Entries

While the area limitation has been used to determine how many CRIB entries to be
used in our design, we conduct a sensitivity study to see if sixteen CRIB entries is the most
cost effective choice in extracting instruction level parallelism. Figure 6-1 shows the result
of the sensitivity study for both SPEC INT and SPEC FP benchmarks from SPEC CPU
2006 suite. CRIB designs with various number of entries (4, 8, 16, 32, 64, and 128 entries)
are studied. All configuration uses four-entry partitioned CRIB, deeply pipelined with 4-
hops per minor cycle. The IPC shown in Figure 6-1 is normalized to the IPC of CRIB with
four entries.

From Figure 6-1 it can be seen that the 16 entry configuration is enough to extract
most of the instruction level parallelism for many of the benchmarks. This trend is espe-
cially true for SPEC integer benchmarks. For many of them the rate of IPC increase slows
down after 16 entries, except for bzip2, omnetpp, and perlbench for which 32 entries con-
figuration seems to be the most optimal for instruction level parallelism extraction. For

SPEC FP benchmarks, 16 entries seems to be optimal for calculix, GemsFDTD, and
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FIGURE 6-1. Number of Entries Sensitivity Study.

leslie3d. For others, additional entries seem to result in discovering further independent
instructions that lead to increased in IPC. In general, integer benchmarks have longer
dependency chains than the floating point benchmarks. Many of these floating-point
benchmarks have a small independent loop that is repeated for millions of dynamic
instructions. Increasing the number of entries in CRIB means increasing the out-of-order

window where more independent instructions from the next loop iteration can be found.
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FIGURE 6-2. Partition Configuration Sensitivity Study.

An interesting case is the Ibm benchmark where the increase of number of entries does not
result in significant IPC increase until it hits 128 entries. The reason is because the size of
the loop being repeated during execution is more than 64 instructions. Thus significant
increase in IPC only happens when the window size is larger than the loop, allowing pipe-

lining of multiple iterations of the loop execution.
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6.1.2 Performance Sensitivity to Different CRIB Partitioning

In order to see if we have chosen the most optimal CRIB partitioning configuration
given sixteen CRIB entries, we examine performance of different partitioning approaches:
two partitions of eight-entry CRIBs, four partitions of four-entry CRIBs, and eight parti-
tions of two-entry CRIBs. A lower number of entries per partition has the advantage of
faster instruction turn around. However, the architected register file inserted between
every partition is not free. Besides the area and energy cost, it also introduces some
latency thus reducing the number of entries that a destination register can propagate
through. Based on our modeling described in Section 5.1 and Section 5.2, four partitions
of four-entry CRIBs can propagate a result to the next four entries per minor cycle. Two
partitions of eight-entry CRIB can only propagate to the next three entries per minor cycle,
while eight partition of two-entry CRIB can propagate to the next five entries in one minor
cycle. IPC is normalized to the IPC of four four-entry CRIB partitions.

Figure 6-2 shows that four 4-entry CRIB has the highest IPC on average. For inte-
ger benchmarks, shorter propagation distance (small partition) hurts more than slower
turn-around rate (large partition). But for some floating-point benchmarks, shorter propa-
gation distance does not negatively impact IPC as much. In fact, the benefit of faster turn-
around rate of small partition increases IPC despite the shorter propagation distance, as
seen for cactusADM and Ibm. This is caused by short dependency chains commonly asso-
ciated with floating-point benchmarks. From the study, we conclude that four 4-entry

CRIB partitions is the most cost-effective configuration.

6.1.3 CRIB Occupancy

There are limitations imposed in dispatching instructions into the CRIB. Upon
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FIGURE 6-3. CRIB Occupancy.

reaching the limitation, the dispatch group is terminated and the next instruction is forced
into the next group. Those limitations are 2 load instructions, 1 store instruction, 1 branch
instruction, 1 complex integer instruction, 2 floating-point instructions, 2 complex SIMD
instructions. The goal of the study is to understand if the limitation severely affects
CRIB’s occupancy.

Figure 6-3 shows the percentage of time when a four-entry CRIB partition is occu-

100



101

5 25

a

1S

2 2 BEDL1
5 . oLSQ
‘i 1.5 - £ EALU

[]

o 9 B RF
S 1 o RS
g O

3 m ROB
N 05 W RAT
©

£

S 0

» &
v 9 & & i &
0\:’ o‘{\ Q§\ O
\ N Ry
SPEC Integer Benchmarks

c

2

a

1S

é @ DL1
g mLSQ
> W ALU
E mERF
g ORS
3 mROB
= B RAT
©

£

(=]

4

SPEC Floating Point Benchmarks

FIGURE 6-4. Energy Comparison.

pied by one, two, three, or four instructions. It can be seen that roughly 75% of the time, a
CRIB partition is occupied by three or more instructions. Only a few benchmarks such as
GemsFDTD, Ibm, and omnetpp have low occupancy. Thus, we conclude that our limita-

tion should not limit CRIB’s performance significantly.



6.2 Energy and Performance Comparison

In this Section 6.2, we present an energy and performance comparison between

CRIB and the two baseline machines.

6.2.1 Energy Comparison

Figure 6-4 shows energy consumption comparison between baselinel, baseline2
and CRIB. It is normalized to baselinel energy consumption. On average, CRIB con-
sumes 40% and 44% of baselinel energy for integer and floating-point benchmarks. Com-
pared to baseline2, CRIB consumes 28% and 33% of baseline2 energy. Most of the energy
savings comes from removal of various structures such as RAT, ROB, RS, and RF. CRIB
consumes more ALU energy than the baseline machines because ALU energy consump-
tion of CRIB includes insertion energy, input routing, and output routing. The load store
queue energy consumption of CRIB and baselinel are roughly the same, and is about 15%
of baseline2 energy due to the difference in size.

While we do not have an energy model for the front-end unit, we try to estimate it
using the number of dispatched instructions. Because we do not change the front-end part
of the processor, the relative number of dispatched instructions can be used to compare
front-end energy between baselinel, baseline2, and CRIB. Figure 6-5 shows the normal-
ized number of dispatched instructions among the three cores. In general, the number of
dispatched instructions increased from baselinel to baseline2 as the instruction window is
enlarged. The more pipeline flushes induced by a benchmark, the larger the number of
instructions to dispatch as the instruction window grows. For example, in a processor with
a 24-entry reorder buffer, at most 24 instructions have to be redispatched during pipeline

flush, while in a processor with a 128-entry reorder buffer, up to 128 instructions will have
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FIGURE 6-5. Dispatched Instructions.

to be redispatched on a pipeline flush. A larger instruction window can also introduce
more flushes as more branch predictions have to made, as well as an increased probability
for load-store mis-ordering. Since CRIB has a similar window size to baselinel, its num-
ber of dispatched instructions is also similar.

Figure 6-6 shows the total number of pipeline flushes per ten thousand instruc-

tions, categorized into branch misprediction flushes, load-store mis-ordering flushes, and
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FIGURE 6-6. Total Pipeline Flushes.

runahead flushes. As expected, the increase in the number of dispatched instructions cor-
relate well with the number of pipeline flushes. Mcf, which has the biggest increase in dis-
patched instructions, also has a large number of pipeline flushes, while libquantum, which
has no increase in dispatched instructions, also does not have any flushes. The number of
branch mispredictions or load flushes are very high for some benchmarks, especially for

mcf. This is caused by the high number of runahead episodes for that particular bench-
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FIGURE 6-7. Normalized IPC Comparison.

mark. The higher the number of runahead episodes, the more branch misprediction and

load flushes that can occur.

6.2.2 Performance Comparison

Figure 6-7 shows the IPC comparison between CRIB and baseline2 machine. IPC

is normalized into baselinel. For CRIB, we show the IPC for CRIB--, CRIB, and CRIB +

105



DP. CRIB -- represents CRIB without the advantage of a shorter pipeline and replay
recovery for load-store disambiguation. Thus CRIB-- is largely similar to baselinel but
with weaker dependent scheduling, i.e. CRIB can only wake-up and execute dependent
instructions within a partition in back-to-back cycles, while baselinel can wake-up and
schedule any dependent instructions in the reservation station in back-to-back cycles. On
average the IPC of CRIB-- is 9% less than baselinel due to this limitation. There are some
benchmarks in which the IPC is higher than baselinel due to more integer ALU resources.

As the execute pipeline is shortened and the aggressive load-store disambiguation
with replay recovery is used, the IPC increases exceeding baselinel’s. The IPC improve-
ment of CRIB compared to CRIB-- is roughly 12%. As deep pipeline (DP) is added,
dependency wake-up becomes more efficient and the IPC increases further, approaching
baseline2 IPC. With deep pipeline, CRIB’s IPC is 12% less than baseline2 IPC on aver-
age.

In general, CRIB’s IPC is slightly lower than baseline2 because CRIB has a
smaller window and the fact that CRIB requires all instructions in a partition to finish
before retiring the partition. Further reducing the reach of the already-small instruction
window. CRIB’s IPC suffers for those benchmarks that have an instruction causing a
CRIB partition to not retire for a while, such as load instruction, floating-point instruc-
tions, or, even worse, load misses. However, some of the benchmarks, such as gcc, perl-
bench, and leslie3d, show comparable or better performance compared to baseline2. The
reason is that those benchmarks have a false positive load-store reordering prediction in
the main loop that cause the load instruction to stall until the predicted aliasing store from

the previous loop iteration retires. In addition to that, leslie3d has a high percentage of par-
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FIGURE 6-8. Energy Comparison for Cache Optimization.

tial load instructions that have to be serialized. By removing the register renaming, CRIB
does not require those partial load instructions to be serialized, thus providing more
instruction level parallelism compared to a conventional out-of-order processor. A more

detailed performance analysis for each of the benchmark is presented in Section 6.4.
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FIGURE 6-9. Hit Rate of Line Buffers.

6.3 Cache Optimization

In this section, we analyze the energy saving improvement that is provided by the

two cache optimizations being used, cache banking and line buffers.

6.3.1 Energy Saving

Figure 6-8 shows further energy saving that is obtained by employing the two

cache optimization techniques. In the figure, there are five bars shown for each bench-

mark, those bars are for baselinel, baseline2, CRIB, CRIB with cache banking, and CRIB

with cache banking as well as line buffers.

The addition of cache banking further reduces CRIB total energy by 3%-4% com-

pared to baselinel. This energy reduction mainly comes from the fact that a 4-banked

cache has slightly smaller energy per access compared to 1-banked cache. An additional
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FIGURE 6-10. IPC Comparison for Cache Optimization.

4%-7% of energy savings, depending on the benchmark, is gained by employing the line
buffer technique. With the additional energy saving from the cache optimization, CRIB’s
energy consumption is around 20% - 23% of baseline2’s energy consumption.

Figure 6-9 shows the line buffer hit rate. The hit rate is further categorized into ‘Ib
hit” where the set to access is in the line buffer and the line buffer results in cache hit. The

other category is ‘Ib miss’ where the set to access is in the line buffer, but the tag check
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results in a cache miss. In both cases, the subarray is not accessed. As seen, with a total of
16 line buffers, one for each subarray, the hit rate is quite high, close to 90% of all
accesses. A higher hit rate results in higher energy saving. Benchmarks such as dealll and
Ibm that do not have a high line buffer hit rate do not have as high of additional energy

saving from the line buffer.

6.3.2 Performance Effect

Figure 6-10 shows IPC comparison after cache optimization is added to CRIB.
The additional bandwidth provided by cache banking increases CRIB’s IPC by 5% for
SPEC integer and 2% for SPEC floating point on average. The addition of line buffers
gives another 7% and 5% of IPC increase for SPEC integer and SPEC floating point
respectively. With the cache optimizations, CRIB’s average IPC for SPEC integer is com-
parable to Baseline2’s average IPC. For SPEC floating point, CRIB’s average IPC is still
8% less than Baseline2’s average IPC. Overall, cache optimization techniques help SPEC
integer more than SPEC floating point. The reason is that most of the long latency instruc-
tions in SPEC integer are load instructions, thus cache optimization techniques are able to
reduce the latency of the load instructions. In contrast, most of the long latency instruc-
tions in SPEC floating point are floating point operations, which latency cannot be
reduced by the cache optimization techniques. There are benchmarks that suffer signifi-
cant IPC drops even after cache optimizations are applied, such as bzip2, omnetpp, cac-
tusADM, dealll, GemsFDTD, and povray. There are also some benchmarks whose IPC
are significantly higher than baseline2 such as perlbench, xalancbmk, and leslie3d. Those

benchmarks will be analyzed in detail in the next section.
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mov  0x8(%ebp),%ecx

mov  (%ecx,%edi,4),%edx

dec  %edx

mov  0x18(%ebp),%ecx

lea (%ecx,%edx,1),%eax

cmp  $OxFFFff,%edx

cmovle %eax,%edx

mov  0xc(%ebp),%ecx

movzbl (%edx,%ecx,1),%eax 4— Misses L1
mov  %eax,0xfffff28c(%ebp)

cmpb  $0x0,0xfffffae8(%eax,%ebp,1)
jne  8049aa7 <mainSort+0x4bb>

Next
Loop
Iteratio

AR

inc  %edi
cmp  Oxfffff2a8(%ebp),%edi
jl 8049a4d <mainSort+0x461>

FIGURE 6-11. Bzip2 Loop.

6.4 Detail Benchmark Analysis

In this section we try to analyze benchmarks whose results are much different from
the average. In particular, we explain why the performance of such benchmarks running
on CRIB is significantly more or significantly less than the baseline machines. Among
those benchmarks are bzip2, libquantum, mcf, omnetpp, perlbench, cactusADM, dealll,

GemsFDTD, leslie3d, and povray.

6.4.1 Bzip2

Bzip2 IPC starts with 0.96 for baselinel. Increasing the window for baseline2
increases the IPC by 45% into 1.41. The IPC of CRIB+DP is 1.06, 5% higher than
baselinel’s. After the cache optimizations are applied, Bzip2’s IPC is 1.24, still less than
baseline2 IPC. A quick look at the window size sensitivity study in Figure 6-1 shows that
Bzip2’s IPC keep increasing significantly until 64 CRIB entries, at which point the IPC is

slightly above Baseline2’s IPC.
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Figure 6-11 shows the loop in Bzip2 program that is executed repeatedly during
execution. The loop consists of 15 instructions. Dependency arcs are shown in the figure.
One of the load instructions in the loop repeatedly misses the L1 cache and hits in the L2
cache. Each loop iteration is independent of each other except for the EDI register that is
used to address a load instruction in the beginning of each iteration. However, since the
EDI increment is not a bottleneck, one can say that each iteration is virtually independent
of each other. There we can see that a larger window would benefit the execution of this
loop considerably, especially with the missed load in the middle of the loop. With a larger
window, the latency of the missed load can be hidden by pipelining the loop execution.

These factors explain why CRIB does not perform as well as baseline2.

6.4.2 Libquantum

Libquantum is a high IPC benchmarks. Its IPC on baselinel is 2.12. It increases by
42% on baseline2 to 3 IPC. CRIB+DP has 2.57 IPC, 20% less than baseline2. However, as
cache banking is applied, CRIB’s IPC increases to 3, the same as baseline2’s IPC. Sensi-
tivity study shows that the IPC for 16 entries is still slightly less than the peak IPC, which
occurs starting from 32 entries. Thus the problem here is the window size.

Figure 6-12 shows the loop in libquantum that is called repeatedly for the 100M
instructions being executed in the timing simulator. It is a very short loop with nine
instructions in it. The figure is annotated with ‘Dispatch’, ‘Execute’, and ‘Commit’ cycles
for each of the instruction. As shown, after 16 cycles, the dispatch cycles for CRIB slips
by 2 cycles, causing the execution to also get delayed. Because there is a dependency
between a load and an integer operation in one partition, a CRIB partition containing the

particular instructions takes six cycles to finish, causing the next dispatch group into the
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0x10(%ebp),%ebx
$0x0,(%ebx,%eax,4)
0x8(%ebp),%ebx
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$0x1,%edx
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$0x1,%eax
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804a719 <quantum_gate1+0x39>

0x10(%ebp),%ebx
$0x0,(%ebx,%eax,4)
0x8(%ebp),%ebx

%ebx,%ecx

$0x1,%edx

%ocl,%edx

$0x1,%eax

%edx,%eax

804a719 <quantum_gate1+0x39>

0x10(%ebp),%ebx
$0x0,(%ebx,%eax,4)
0x8(%ebp),%ebx
%ebx,%ecx
$0x1,%edx
%ocl,%edx

Baseline2

D,E,C
1,3,6
1,6,8
1,4,8
1,7,8
2,48
2,89
249
2,9,10
3,10,11

3,511
3,8,11
3,6,11
4,7,12
4,6,12
4,8,12
4,6,12
59,13
5,10,13

5,7,13
5,10,13
6,8,14
6,9,14
6,8,14
6,10,14

CRIB+DP

D,E.C
1,2,7
1,57
1,37
1,6,7
2,39
2,79
2,39
2,89
3,9,10

34,10
3,7,10
3,5,10
46,11
4511
4,711
4511
7,8,12
7,9,12

7,8,12

7,11,12
9,10,15
9,13,15
9,10,15
9,14,15

Dispatch Slips

by 2 Cycles
‘y y

FIGURE 6-12. Libguantum Loop.

particular CRIB partition to get delayed by two cycles. With the addition of cache bank-
ing, the bandwidth is doubled and the latency is reduced. Without cache banking, a cache
access effectively takes one cycle for address generation and two cycles for the cache
access. With cache banking, a cache access only takes 0.5 and 1.5 cycles for address gen-
eration and the cache access, effectively reducing the load-to-use latency. With this opti-

mization, the same CRIB partition that previously takes six cycles will now takes four

cycles, eliminating the dispatch stalls for the next CRIB.

6.4.3 Mcf
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add  $0x1,%edi
Branch —g» s 8063dc2

cmp  0x82a085c,%edi
Branch = jge  8063dc2

mov  0x82a0864,%eax

mov  (%eax,%edi,4),%edx

test  %edx,%edx
Branch = je 8063dc2

mov  0x24(%esp),%eax

cmp  0x28(%edx),%eax
Branch —gm je 8063ddf

cmp  %ecx,%edi
Branch =g jle 8063da0

FIGURE 6-13. Omnetpp Loop.

Mcf is a benchmark with very high miss rates going to memory. Its IPC on
baselinel is 0.222. Its IPC does not increase nor decrease as the program is run on differ-
ent machines, such as baseline2 and CRIB. Because mcf has a high miss rate, most of its
time is spent waiting for the miss to be back from the memory. Without runahead, mcf will
benefit from larger windows due to pipelining of the load misses. Since we use runahead
in our study, baselinel, baseline2, and CRIB have a similar runahead window size to dis-
cover further misses. Because of this, mcf does not show any performance improvement
going from baselinel to baseline2 that has a much larger window. It also does not show

any improvement or degradation on CRIB.

6.4.4 Omnetpp

Omnetpp has an IPC of 1.68 on baselinel. Its IPC increases to 1.99 for baseline2
and to 1.69 for CRIB+DP. The addition of cache optimizations increases the IPC further to
1.85, still 7% slower than baseline2. A closer look at the occupancy graph in Figure 6-3
shows that CRIB’s occupancy of three or more instructions only happens 55% of the time.

Figure 6-13 shows one of the main loops that is repeated many times over in the
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movsbl (Yesi),%ebx
cmp $0xa,%ebx
je 807fac9
cmp $0x5¢,%ebx
je 807fa83
mov 0x48(%esp),%eax
cmp Y%eax,%ebx
jne 807531
mov 0x28(%esp),%eax
test Obeax,%eax
jne 807f581
movzbl %bl,%eax
cmp $0x80,%eax
mov %bl,0x0(%ebp) Predicted
add $0x1,%esi Aliasing
add $0x1,%ebp
cmp 0x81f83b8,%0esi
jb 807f4e7
FIGURE 6-14. Perlbench Loop.

detailed timing simulation. As shown, while only having thirteen instructions, this loop
has five branches. CRIB can only have one branch in each partition. Thus, these instruc-
tions have to be spread into five partitions, further exacerbating CRIB’s problem of having
a small window. However, it can be solved by allowing more than one branch in a CRIB
partition. Only mispredicted branches and branches with non-saturating prediction need to
update the branch predictor and those are the rare cases. To accommodate those rare cases,

a buffer for branch predictor update can be added in the front-end part of the machine.

6.4.5 Perlbench

Perlbench has an IPC of 0.80 on Baselinel. Baseline2 increases the IPC by 40% to
1.13. CRIB+DP increases the IPC by 37% to 1.10, similar with baseline2’s. Cache optimi-
zation further increases the IPC to 1.21, slightly higher than baseline2’s IPC.

While CRIB has disadvantage of a small window, it has the advantage of employ-



movsd 0x8(%ecx,%eax,8),%xmm3 Serialized
movhpd 0x10(%ecx,%eax,8),%xmm3 Load
movaps %xmmb5,0xfffff798(%ebp)
Series of movsd 0x8(%edx,%eax,8),%xmm5 Y\ Serialized
Long Latency movhpd 0x10(%edx,%eax,8),%xmm5 Load
Instructions subpd %xmm3,%xmm5
mulpd %xmm4,%xmm5
movsd 0x8(%esi,%eax,8),%xmm3 Serialized
movhpd 0x10(%esi,%eax,8),%xmm3 Load
movaps %xmmb,0xfffff7e8(%ebp)
movaps %xmm3,%Xxmm6
. movsd 0x8(%edi,%eax,8),%xmm5 | Serialized
Series of movhpd 0x10(%edi,%eax,8),%xmm5 Load
Long Lat'ency subpd %xmmb5,%xmm6
Instructions mulpd %xmm0,%xmm6
movsd 0x10(%edx,%eax,8),%xmm0 Y Serialized
movhpd 0x18(%edx,%eax,8),%xmm0 Load
movaps %xmm6,0xfffff8c8(%ebp)
movsd 0x10(%ecx,%eax,8),%xmm6 \ serialized
movhpd 0x18(%ecx,%eax,8),%xmm6 Load
subpd %Xxmm6,%xmmO0

FIGURE 6-15. cactusADM snippet.

ing aggressive load-store reordering. In this particular benchmark, the advantage of
aggressive load-store reordering is able compensate for its small window. Figure 6-14
shows the loop snippet of perlbench. The predicted aliased load and store is annotated in
the figure. In the baseline2 model, this false positive prediction delays the issue of the load
until the store instruction retires from the reorder buffer, thus resulting in a long wait
before the load can issue. For this case, a better predictor or the ability to unlearn of prior
prediction might be helpful to avoid repetitive false positive predictions in future predic-

tion.

6.4.6 cactusADM
Baselinel’s IPC for cactusADM is 0.58. It increases by 45% with baseline2, while

CRIB+DP increases the IPC only by 7%, much lower than the IPC increase by baseline2.
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The IPC further increases by 11% after cache optimization techniques are applied, still
much lower than baseline2 IPC. The main reason of the slowdown compared to baseline2
is CRIB’s window size. Figure 6-15 shows the code snippet of cactusADM. The code
snippet is interesting that it contains program characteristics that give advantage and dis-
advantage to CRIB architecture. In the Figure 6-15, it can be seen that the snippet has a
high percentage of serialized loads. These serialized load instructions happen because
XMM registers are 128 bits, wider than the load instruction result that is 64 bits. Each load
instruction only fills a portion of the XMM register, the low portion or the high portion.
Because of explicit register renaming, each of the load instructions allocates physical reg-
ister for the same logical xmm register. Thus, the second load instruction has to wait for
the first one to complete and combine the result with its own result and write it to its allo-
cated physical register. On the other hand, CRIB does not explicitly rename the registers.
Hence, the second load instruction does not have to wait for the first one to be done since
the location of the register does not change. Because of this, CRIB has the advantage
when the code has many of the serialized loads.

However, the code shown in Figure 6-15 also contains a series of long latency
instructions that slows the turn around rate in CRIB, further reducing the instruction level
parallelism of CRIB’s small window. With a large window, baseline2 is able to pipeline
the long latency instructions as well as the many serialized loads. Thus providing a signif-

icant speedup over baselinel.

6.4.7 dealll
Dealll’s IPC for baselinel is 0.93. With baseline2, it increases by 16% to 1.08. The

IPC for CRIB+DP is 0.83, less than baselinel’s IPC. With cache optimizations, the IPC
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faddp %st,%st(1)

[\I:;t fldl (Ybecx) Unaligned Load
P fmull (Yoedx) <@—| onger Latenc
Iteration lea (Yecx,%esi,8),%ecx g y
lea (%edx,%eax,8),%edx
add $0x1,%edi
cmp %ebx,%edi
jb 827b43c

FIGURE 6-16. dealll Loop.

increases slightly to 0.84, still less than baselinel’s IPC.

Figure 6-16 shows the loop executed during simulation. Dealll is compiled using
x87 rather than SSE because SSE compilation of dealll does not run correctly on our sim-
ulator. As shown, the loop is fairly short with only eight instructions. The loop is also
pipelined so that the result of one iteration will be used for the next iteration. With these
instructions, the reason for the low IPC is the small window and the fact that new instruc-
tions cannot be dispatched until all instructions in CRIB are finished. It is made worse by
the fact that one of the load instruction is unaligned and requires additional latency, and is
followed by a floating-point computation. The load instruction followed by floating-point

computation reduces the turn-around rate of CRIB partitions significantly.

6.4.8 GemsFDTD

GemsFDTD is similar to cactusADM. Baselinel has an IPC of 0.37. Baseline2
only gives an IPC increase of 20% while CRIB+DP increases the IPC by 5%. Cache opti-
mization further increases CRIB’s IPC by 8%. A closer look at GemsFDTD code snippet
shown in Figure 6-17 explains the behavior. Similar to cactusADM, GemsFDTD also has
high percentage of long latency instruction groups that reduce the instructions turn around

rate in CRIB. While GemsFDTD also has many serialized load instructions, the advantage
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movsd 0x10(%ecx,%eax,8),%xmm1 } Serialized
movhpd 0x18(%ecx,%eax,8),%xmm1l Load
movsd %xmmO0,0x8(%ebx,%eax,8)
movhpd %xmm0,0x10(%ebx,%eax,8)
movsd 0x8(%edi,%eax,8),%xmmo0 Serialized
movhpd 0x10(%edi,%eax,8),%xmmO0 } Load
mov 0x400(%esp),%edi
movsd 0x8(%edi,%eax,8),%xmm?2 Serialized
movhpd 0x10(%edi,%eax,8),%xmm2 } Load
Series of subpd %xmm3,%xmm1
Long Latency mulpd %xmm6,%xmm1
Instructions V movaps %xmm0,%xmm3
mov 0x3e4(%esp),%edi
Series of subpd %Xmm2,%xmm3
Long Latency |  mulpd %xmm5,%xmm3
Instructions ¥ addpd %xmma3,%xmm1
movsd 0x8(%ebp,%eax,8),%xmm2 } Serialized
movhpd 0x10(%ebp,%eax,8),%xmm2 Load

FIGURE 6-17. GemsFDTD Code Snippet.

that CRIB has for those load with partial write cannot overcome the disadvantage of its

small window.

6.4.9 leslie3d

Leslie3d is another benchmark that has many serialized load instructions. In addi-
tion to that there is a false positive aliasing prediction in one of the main loop as shown in
Figure 6-18. Figure 6-18 shows the main leslie3d loop that is called repeatedly in the
detailed timing simulation. The predicted aliasing disables the load instruction to be issued
until the predicted aliasing store instruction from the previous loop iteration is retired.
Thus reducing the opportunity to pipeline the dynamic instances of the loop. Leslie3d has
baselinel IPC of 0.362. Baseline2 increases the IPC by 24% while CRIB+DP gives an
IPC boost of 27%. With cache optimization techniques, the IPC of CRIB increases into

38% over baselinel.
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movaps
movsd
movhpd
mulpd
movsd
movhpd

False Positive addpd

Aliasing movsd

Prediction movhpd
movsd
movhpd
mulpd
addpd
movaps
add
cmp
jb

%xmm3,%xmm2
0x8(%ebp,%esi,8),%xmm7
0x10(%ebp,%esi,8),%xmm7
%xmm7,%xmm?2
0x8(%edx,%esi,8),%xmm5
0x10(%edx,%esi,8),%xmm5
%xmm?2,%xmmb5
0x8(%edi,%esi,8),%xmm6
0x10(%edi,%esi,8),%xmm6
%xmmb5,0x8(%edx,%esi,8)
%xmmb5,0x10(%edx,%esi,8)
%xmm6,%xmm7
0x8(%ecx,%esi,8),%xmm7
%xmm7,0x8(%ecx,%esi,8)
$0x2,%esi

%ebx,%esi

8059234 <fluxj_+0x34ca>

Serialized
} Load

Serialized
Load

Serialized
} Load

FIGURE 6-18. Leslie3d Loop.

fldl  (%eax)

Long Latency

mov Ox8(%ebp),%eax} Series of

fmull  Ox4c(%ebx)

mov  0x8(%ebp),%edx
fldl  0x8(%edx)

fmull  0x54(%ebx)
faddp %st,%st(1)

mov  0x8(%ebp),%ecx
fldl  0x10(%ecx)
fmull  0x5c(%ebx)
faddp %st,%st(1)

jmp  8100bdd

Instructions

Series of
Long Latency
Instructions

Series of
Long Latency
Instructions

FIGURE 6-19. povray snippet.

6.4.10 povray

Povray has an IPC of 0.912 for baselinel. It increases to 1.353 for baseline2. For
CRIB+DP, the IPC is 1.051. After cache optimizations, CRIB’s IPC increases into 1.163,
still less than baseline2’s IPC. Figure 6-19 shows a code snippet from povray’s loop that is

executed during detailed simulation. From the code snippet, it can be seen that the instruc-
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Table 6-1: Program Characteristic Impact on CRIB.

f’rogram Characteristic +/-

Long latency instruction: cache misses, unaligned loads -

A chain of back-to-back dependent instructions -

Hard to predict load-store aliasing (resulting in false positive prediction) +

Partial register writes +

tions forms a series of long latency instructions started by a load instruction. In the snip-
pet, one of the instructions streams has three load instructions in a row followed by two
floating point operations, and each of them is the consumer of the previous instruction.
One would notice that if four of these instructions occupy a CRIB partition, the partition
will have to execute for along time, reducing the turn around rate for the insertion of new

instructions significantly.

6.4.11 Benchmarks Analysis Summary

In general, there are common program characteristics that cause CRIB to experi-
ence slow-down or speed-up compared to conventional out-of-order machines. Perfor-
mance degradation usually occurs when there are long latency instructions causing a
CRIB partition to be occupied for a while. This kind of situation exacerbates the problem
of CRIB having small window. Whenever the problematic long latency instructions are
load instructions, cache optimization techniques employed can help reduce the problem.
However, long latency floating-point instructions are harder to handle.

On some benchmarks, CRIB shows performance improvement over the conven-
tional out-of-order machine. It usually happens when 1) the load-store disambiguation
predictor keeps giving a false positive prediction for a particular load instruction, and 2)
when the executed programs have a high percentage of partial register writes. The impact

of various program characteristic to CRIB’s performance are summarized in Table 6-1
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6.5 Chapter Summary

In this chapter we present a detailed performance and energy evaluation of our
CRIB implementation. We also show the performance and energy evaluation for CRIB
with cache optimization techniques. Our sensitivity studies show that the chosen CRIB
configuration is an optimal configuration for most benchmarks. We show that the average
energy saving in the execution core for SPEC CPU 2006 integer and floating-point are
72% and 67% respectively compared to baseline2. Adding cache optimizations further
increases the energy saving to 80% and 77% respectively. CRIB’s IPC is competitive
compared to baseline2. Without cache optimizations, the IPC is 10% and 14% lower than
Baseline2’s for SPEC integer and SPEC floating point respectively. With cache optimiza-
tions, the IPC for SPEC integer is 1% higher than Baseline2’s. For SPEC floating point,
the IPC is 8% lower than Baseline2’s IPC after cache optimization techniques. In this
chapter we also explains in detail why CRIB performs better or worse than conventional

out-of-order machine for certain benchmarks.

122



Chapter 7

Conclusion

Traditionally, power consumption in high-performance CMOS processors was
only a secondary design constraint because supply voltage scaling across technology gen-
eration had a quadratic effect in reducing chip power consumption. Unfortunately, recent
and future nanometer CMOS technology processes no longer provide similar voltage scal-
ing, leading to a serious power bottleneck for aggressive deeply-pipelined processors. The
power constraint problem is exacerbate by the industry trend toward many-core proces-
sors. While technology scaling allows the number of cores in a chip to keep increasing,
chip power budget does not increase as fast; this further limits the power budget available
for each core.

Prior work has proposed reducing power consumption in different parts of the
cores. However, most of the work focuses only on specific structures. While successful in
reducing the power for the particular structure, the power reduction is not significant at the
core level. A closer look at chip power distribution shows that a large percentage of chip
power is spent on operand delivery. Power consumption for operand delivery is even
larger than the power needed to do the execution itself. We try to reconstruct the way out-
of-order execution is done in order to reduce the power consumption associated with oper-
and delivery.

This thesis presented CRIB: Consolidated Rename, Issue, and Bypass, an approach
to do out-of-order execution without explicit register renaming. By removing explicit reg-

ister renaming, several supporting structures needed for operand delivery can be elimi-
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nated. Hence, power consumption related to operand delivery can be dramatically
reduced. The CRIB design also allows lightweight recovery for mis-ordered load instruc-
tions. This recovery allows CRIB to use aggressive load-store reodering rather than using
prediction. Due to the positional structure of CRIB, branch misprediction recovery is also
simpler than conventional out-of-order machines. Lastly, CRIB removes separation of
data and dependency linking used in conventional out-of-order machines, resulting in the
removal of speculative scheduling. With the removal of speculative scheduling, various
cache optimizations that were not attractive for conventional machines, due to the added
latency non-determinisn, can be employed.

The first part of this thesis describes the concept of CRIB and its implementation
detail. It also describes cache optimizations technique, cache banking and line buffers,
used in our CRIB design. Our detailed energy evaluation indicates that the average energy
saving in the execution core for SPEC CPU 2006 integer and floating-point are 72% and
67% respectively compared to a conventional out-of-order machine with a large instruc-
tion window. Adding cache optimizations further increases the energy saving to 80% and
77% respectively. Assuming that the front-end, clock-tree, and L2 cache consume 50% of
total core power and that the energy consumption for them remains constant, the energy
saving translates into 40% and 38% of core energy consumption. Without cache optimiza-
tions in place, CRIB’s IPC is 10% and 14% lower than conventional out-of-order machine
with large window for SPEC integer and SPEC floating point respectively. With cache
optimizations, the IPC is 1% higher and 8% lower than a conventional out-of-order

machine for SPEC integer and SPEC floating point respectively. CRIB also has smaller
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comparable area for the affected structures, 2.188 mm? compared to 2.507 mm? for a con-
ventional out-of-order machine.

For some benchmarks such as bzip2, cactusADM, dealll, GemsFDTD, and povray,
CRIB performance is not as high as a conventional out-of-order machine. The reason for
performance reduction are the small window of CRIB and the slow turn-around rate. Due
to area limitations, we only use 16 entries. Because CRIB does not allow a partition to
retire until all instructions are finished, long latency instructions such as load instructions
and floating-point instructions cause the slow turn-around rate. The slow turn-around rate
caused by load instructions can be improved by cache banking and line buffers. Thus, we
obtain IPC improvement with the cache optimization techniques for the problematic inte-
ger benchmarks.

There are also some benchmarks where CRIB performs well, even better than con-
ventional machine. This occurs for two reasons. The first is the fact that CRIB uses
aggressive load-store reordering rather than relying on a predictor. For some benchmarks,
this predictor results in a high percentage of false positive predictions, causing load
instructions to get delayed even when there is no aliasing. Since CRIB does not use a pre-
dictor, it does not suffer from the same problem as a conventional machine. The second
reason is when there are a lot of partial load instructions in the instruction stream. Since
register renaming moves the physical location of a register around, a load instruction that
only changes a portion of a register while leaving the other portion intact has to create a
dependency with the destination register. In SSE instructions, register width is 128 bits
while load instruction width is only 64 bits. Thus SSE applications have many partial load

instructions that have to be serialized in their execution.
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In summary, this thesis shows that by reconstructing conventional out-of-order
machine, we can save significant energy while maintaining competitive performance and

area requirements.

7.1 Future Work

There are several areas of future work that can be explored. We highlight several
of them here. Our result shows that the small window of CRIB causes performance degra-
dation for some of the benchmarks. We discuss possible solution in Section 7.1.1. While
CRIB reduces execution core energy significantly, it does not change the front-end part of
the processor. The fact that CRIB does not need explicit register renaming can be used to

extend loop stream buffer to save front-end energy as discussed in Section 7.1.2.

7.1.1 CRIB’s Window Size

The fact that we try to match the area of a conventional design limits the number of
entries in our CRIB design. Our result shows that the small window causes significant per-
formance degradation to some of the benchmarks even after the application of cache opti-
mization techniques. This degradation mainly occurs for floating-point benchmarks that
have a large number of long latency instructions.

In the current design, CRIB has an integer partition and a floating-point partition.
Most integer instructions occupy only the integer partition leaving the floating-point entry
empty. Similarly, most floating-point instructions occupy only the floating-point partition
leaving the integer counterpart empty. Only floating-point or SSE load and move instruc-
tions occupy both partitions. This design is quite wasteful in terms of space. A simple

rearrangement could potentially increases the window size.
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Head
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Integer CRIB Floating-Point CRIB

FIGURE 7-1. Disjoint CRIB Diagram.

Figure 7-1 illustrated the potential solution that can be explored. Integer CRIB and
floating-point CRIB can be designed as disjoint structures. An entry in integer CRIB no
longer has a corresponding entry in floating-point CRIB. In this disjoint CRIB, integer
CRIB does not waste an empty entry in the floating-point partition and vice versa. The
number of partitions does not have to be the same between integer and floating-point
CRIB. The head and tail pointer also do not have to be the same. Integer and floating-point
partitions can be resized according to their needs; Figure 7-1 illustrates that the integer
partition has four entries while the floating-point partition only has two entries. To main-
tain precise exceptions, reference counter can be added to the integer CRIB to make sure
that it is not reclaimed before the floating-point counterparts are finished. With the disjoint
CRIB, a 16-entry integer CRIB and a 16-entry FP CRIB could potentially host 32 instruc-

tions, doubling the original capacity of 16 instructions.
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Virtual CRIB
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FIGURE 7-2. Virtual CRIB Diagram.

Another potential solution that can be explored to increase CRIB’s window size is
by having a virtual CRIB as shown in Figure 7-2. In the current design, CRIB partitions
already have shadow copies of the ARFs to be used during runahead. The two copies of
the ARF can be exploited further to double the window size during long latency instruc-
tions, i.e. load instructions that miss the L1 but hit in the L2. This support can be expanded
to cover floating-point instructions also. In order to achieve this, we need to add the virtual
CRIB, which is basically another copy of CRIB’s storage, shown as the shaded region in
Figure 7-2. Whenever the CRIB is full and the head of the CRIB has long latency instruc-
tions that are not finished, the ARF can latch the result as is. The virtual copy can then be
used to dispatch more instructions and the shadow ARF can now be used to propagate the
instructions to the next CRIB. Whenever the long latency operation is done, the execution
is switched back into the true CRIB, where the ARF now captures the result that was pre-

viously incomplete. Once all the true ARFs capture the needed result, the virtual CRIB
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can now be the true CRIB while the true CRIB will now serve as virtual CRIB for the next

long latency instructions.

7.1.2 Front-end Energy Reduction

A large portion of chip power consumption is the front-end energy. While we have
significantly reduce the execution core and data cache power, we do not modify the front-
end model. Since CRIB does not need register renaming, prior work on caching the
instruction stream, such as loop buffers and branch target caches can be extended and
paired with CRIB. The simplest solution would be to have a separate loop buffer and
branch target cache that will serve CRIB. A more aggressive solution could potentially
merge the loop buffer with the CRIB itself. With the window size expansion in Section
7.1.2 that could potentially quadruple current CRIB’s window size, it could be possible to
have a static instruction stream in the CRIB and create the dynamic flow as the CRIB tra-

verses the static stream.

7.1.3 Fission and Fusion

SMT and core clustering concepts can also be applied to CRIB. Whenever thread
level parallelism is deemed to be necessary CRIB can be split into smaller cores. For
example, a four partition CRIB can be split into four cores with one partition each, or two
cores with two partitions each. The split need not be balanced , i.e. in the two-core case,
one core can have three partitions while the other one can have only one partition. On the
other hand, whenever a powerful core is needed, adjacent CRIB can be fused into one core

to create a core with a larger window and more resources.

7.1.4 Software Aspect
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As explained in Section 6.4, a series of dependent instructions within a CRIB par-
tition results in a slow turn around rate that can potentially hurt the IPC. Thus, splitting
dependency chains across CRIB partitions can result in higher turn around rate and
increase IPC. On the other hand, splitting the dependency chain too far apart potentially
can lengthen the critical path through the dataflow graph and hurt performance. Software
such as compiler, virtual machine, or a smart decoder, can create instruction groups that
help CRIB hide its small window effect while maintaining dependency distances within
reach of single-cycle propagation. A trade-off study could be done to understand the bal-
ance between minimizing dependency chains in a partition and the length of dependency

distances that are introduced.

7.1.5 Impact on Design Methodology and Flow

The removal of latches between functional units in a CRIB partition omplicates the
testing and verification effort. While it is possible to insert four independent instructions
to test each of the functional unit inside a partition, it is difficult to isolate whether the
fault is in the functional unit itself or in the routing path to the architected register file. One
possible solution would be to insert some latches back into the CRIB partition that are
only used during testing. The drawback of this solution would be an increase in area.
Another solution would be to create a configurable partition that is able to write the results
back into some portion of the instruction storage inside each entry, such as the PC portion,
during testing. Thus, each functional unit can be tested independently. Minor changes in

control signal are needed for this solution.
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7.2 Chapter Summary 131

In this chapter we conclude the dissertation. We re-state the motivation, concept,
and implementation of CRIB. We summarize our result analysis for energy, performance,

and area. Lastly, we describe several areas of future work that can be explored.
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