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Abstract

Many processors take advantage of Instruction Level Parallelism (ILP) to execute
several instructions from a single stream in parallel. However, data dependences
and control flow instructions limit the available ILP. Several studies have shown
that, in the near future superscalar processors may reach diminishing return points.
Such studies also show that increasing the number of transistors or scaling up such
processors only slightly improves overall performance. This problem has motivated
the research into alternative techniques to increase the performance of processors.
Multithreaded processors overcome this problem by allowing the execution of several
tasks on the same processor.

Current trends in computer architecture show that many future processors will
have some form of multithreading. This includes processors for high-performance
systems [36][47], network processors [3][4], and embedded processors for real-time
systems [10][41]. Each of these computing systems has different objectives (require-
ments). For example, in an embedded real-time system the target of the system
could be to execute a given thread before a deadline while maximizing the overall
system performance and reducing power consumption.

SMT processors have a good cost/performance/power consumption ratio, which
makes them suitable for many types of computing systems mentioned above. How-
ever, as demonstrated in this thesis, current multithreaded processors are designed
so that they intrinsically assume part of the responsibility of the system. The key
problem is that in some cases the targets of the multithreaded processor could be
different from the requirements of the systems running on it. This lack of flexibility
to fulfill system requirements makes the use of SMTs in these systems difficult.

In this thesis, we analyze the feasibility of SMT for some of these computing
systems. We show that current SMT processors are not adequate to achieve all
these objectives successfully. We propose architectural changes in order to allow
SMT processors to be used in a wider range of systems. In addition, a significant
amount of effort has been spent on discussing future requirements that systems will
put on SMT processors, proposing solutions to accomplish these requirements.






Contents

1 Introduction 1
1.1 SMT processors . . . . . . . . v v v i it 5
1.2 Thesis contributions . . . . . . .. . ... 6
1.3 Thesis structure . . . . . . . ... 7

2 Experimental Framework 9
2.1 Evaluation tool . . . . . . . . ... 11
2.2 Benchmarks . . . . . . . . 13

3 QoS for High-Performance Systems with Implicit Resource Alloca-

tion 15
3.1 Imtroduction . . . . . . . .. .. 17
3.2 Related work . . . . .. 18
3.3 Metrics in high-performance systems . . . .. .. ... ... ... .. 20
3.4 Flush++ . . . . . o 21
3.4.1 Experimental setup . . . . . .. ... 22
3.4.2 Load miss predictors in an SMT environment . . .. .. ... 22
3.4.3 Comparing the current policies . . . . . . . ... .. ... .. 25
3.4.4 Improved policies . . . . . . . . ... ... 26

3.4.5 The flush++ policy . . . . . . .. ... ... L. 30
3.4.6 Conclusions . . . .. .. ... o 31

3.5 DWarn . . ..o 33
3.5.1 Simulation methodology . . . . ... ... ... ... ..... 33

3.5.2  The Dcache Warn policy (DWarn) . . . . ... ... ... .. 35
3.5.3 Performance evaluation . . . . . .. ... ... ... ... ... 39
3.5.4 DWarn on different architectures . . . . .. .. .. ... ... 43
3.5.5 Conclusions . . . . ... ... 44

3.6 Chapter summary . . . . . . . . . ... 46
4 From Implicit Resource Allocation to Explicit Resource Allocation 47
4.1 Introduction . . . . . . . ... 49
4.2 Increasing throughput and fairness . . . . .. .. ... ... .. ... 50
4.2.1 Resource allocation policies vs. instruction fetch policies . . . 52
4.2.2 Methodology . . . . . . . ... 54
4.2.3 Performance evaluation . . . . . ... ... ... ... ... .. 56
424 Conclusions . . . . . . . ... 60

4.3 Feasibility of QoS in SMT through explicit resource allocation . . . . 61

4.3.1 QoS: A novel collaboration between OS and SMT . . . . . .. 61



4.3.2 QoS by resource allocation . . . . . ... ... ... 62

4.3.3 Conclusions . . . . . .. . .. ... 65
4.4 Chapter summary . . . . . . . . ... 65

5 QoS for High-Performance Systems with Explicit Resource Alloca-
tion 67
5.1 Decra . . . . . L 69
5.1.1 Thedcrapolicy . . . . ... .. ... ... 70
5.1.2 Methodology . . . . .. ... o 76
5.1.3 Performance evaluation . . . . . . ... ... ... ... ... 78
5.1.4 Conclusions . . . . . .. .. ... .. 83
5.2 Chapter summary . . . . . . . . .. . 84
6 QoS for Real-Time Systems 85
6.1 Introduction . . . . . . . . .. ... 87
6.2 Related work . . . . . . . ... 89
6.3 Predictable Performance . . . . . . . ... ... ... ... .. ..., 91
6.3.1 Problem statement . . . . ... ... ... 92
6.3.2 QoS problem definition . . . . . ... ..o 94
6.3.3 Solution of the QoS problem . . . . . . ... ... ... .... 95
6.3.4 Experimental setup . . . . . . .. ..o 103
6.3.5 Results when there is one PPT . . . . .. ... .. ... ... 103
6.3.6 Results when there are two PPTs . . . . . ... .. ... ... 108
6.3.7 Conclusions . . . . . .. . ... ... 116
6.4 Low-Variability Performance . . . . . . . . . ... ... .. ... ... 116
6.4.1 Background on real-time scheduling . . . . . ... ... .. .. 118
6.4.2 Experimental environment . . . . . .. ... 119
6.4.3 Dynamic resource partitioning . . . . . . . . . ... ... ... 121
6.4.4 Simulation results . . . . . ... ..o 129
6.4.5 Implementation . . . . . . . ... ... 131
6.4.6 Conclusions . . . . . ... ... ... 133
6.5 Chapter summary . . . . . . . . . ... 133
7 Conclusions 135
7.1 Thesis conclusions . . . . . . . . . . .. ... 137
7.2 Futurework . . . . . . . . .. 139
Publications 139
List of Figures 143
List of Tables 147

Bibliography 149



Introduction






CHAPTER 1
INTRODUCTION

Many processors exploit Instruction Level Parallelism to execute several instructions
from a single stream (thread) in parallel. However, there is only a limited amount
of parallelism available in each thread due to data and control dependences, among
other factors [68]:

e Control dependences: every time a control flow instruction changes the flow of
instructions to a new target instruction, it takes several cycles to start fetching

from that target, which degrades the number of instructions committed per
cycle (IPC).

e Data dependences: data dependences limit the IPC as well since a instruction
can only start its execution when all its input dependences are resolved. For
short-latency operations the out-of-order mechanism of current superscalar
processors hides part of this latency. However, when the processor experiences
a long-latency operation, i.e., a miss in the outer cache level, this mechanism
is not able to hide it causing a stall of the processor.

Processor designers use many hardware resources in order to reduce the effect of
these problems, e.g., bigger and more complex branch predictors to control depen-
dences and deeper windows to further exploit ILP when a long-latency instruction
is executed. However, data and control dependences significantly limit performance,
degrading the performance/cost ratio of processors.

A solution to improve the performance/cost ratio of processors is to allow threads
to share hardware resources, like multithreaded (MT) processors do. There are
several categories of MT processors, each dealing with the above problems in a
different way. The classification of multithreaded processors is not well established.
In this thesis, we have used a classification similar to that presented in [66][67], as
explained in Figure 1.1. In this figure, A and B represent two different applications.
White squares denote unutilized slots.

e In a super-scalar architecture, only one thread is running at a given time.

e In a multiprocessor, resources are not shared between threads !. Each thread
uses a different set of resources.

I These applications likely share some levels of the cache hierarchy.
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Fig. 1.1: A possible classification of multithreaded architectures

e In a coarse-grain multithreaded processor [6][61], threads share more execu-

tion resources than in a multiprocessor. Instructions can be issued from a
single thread in a given cycle. A coarse-grain processor switches to a different
thread when a thread experiences a long-latency operation, e.g., an outer cache
miss. This allows the processors to hide part of the latency of long-latency
operations.

Fine-grain multithreading [8][29][39][58]: The main difference between coarse-
grain and fine-grain multithreading is the granularity at which context switches
occur. In a fine-grain multithreaded processor context switches are caused by
other, not necessarily long-latency, events, e.g. branch misprediction. In this
way, fine-grain processors can hide the latency of short-latency operations.
Another difference between fine-grain and coarse-grain multithreading is that
the latter approach switches between threads much more frequently than the
former approach. As a result, in fine-grain multithreading context switches
have lower cost (probably 1 cycle) than in coarse-grain multithreading.

The main characteristic of simultaneous multithreading (SMT) proces-
sors [32][54][64][65][71] is their ability to issue instructions from the different
threads in the same cycle. As a result, SMTs not only can they switch to a
different thread to use the idle issue cycles in a short-latency operation (like
fine-grain multithreaded), but also fill unused issue slots in a given cycle. Ex-
ecuting several threads at the same time provides a new form of parallelism,
in addition to ILP, namely, thread level parallelism (TLP). This parallelism
comes from the additional parallelism provided by the freedom to fetch in-
structions from different independent threads, and from mixing them in an
appropriate way in the processor.

Regarding control dependences, MT processors reduce the dependence of

throughput on branch prediction accuracy. That is, branch prediction accuracy
is not of the utmost importance when running multithreaded applications [48][51].
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This is mainly due to the fact that the opportunity of fetching from several threads
reduces the percentage of speculative instructions on a wrong path [62].

Regarding data dependences, MT processors have shown to be successful in
reducing the effect of data dependences [20][43][63]. This is due to the ability of MT
processors to execute instructions from several threads 2.

Given all these advantages of M'T processors, current trends in computer architec-
ture show that many future processors will have some form of multithreading [7][41].

e High-performance systems: processors like the Intel Pentium4 Xeon [47], the

IBM Power5 [36] and the SPARC64 VI [38] are multithreaded.

e Network systems: network multithreading processors are the Intel IXP net-
work processor family [3] and the IBM PowerNP [4].

e Real-Time systems: the Imagination Technologies Meta processor [41] and the
Infineon TriCore 2 [10] are two examples.

Each of these computing systems has different targets. For example, in an em-
bedded real-time environment the target of the system could be to execute a given
thread before a deadline while maximizing the overall system performance and re-
ducing power consumption. On the other hand, in a high-performance system the
target could be just to improve overall performance. Thus, the question is how a
multithreaded processor could be designed to potentially meet all these requirements
at the same time. We call these requirements Quality of Service (QoS) requirements.

1.1 SMT processors

Two are the main problems of SMT processors to meet quality of service require-
ments. First, SMTs are designed so that they intrinsically assume part of the respon-
sibility of the system. The collaboration between the OS and the SMT is inherited
from the traditional collaboration between the OS and multiprocessors: the OS
perceives the different contexts of an SMT as multiple, independent wvirtual proces-
sors. As a result, the OS schedules threads onto what it regards as processing units
operating in parallel. However, in an SMT, many hardware resources are shared be-
tween threads. Hence, these virtual processors are not truly independent as threads
scheduled at any given time compete with each other for the resources of a single
processor. The way that these resources are allocated, at the microarchitectural
level, clearly affects their performance.

Second, current SMT's are designed with the main objective of increased through-
put, lacking flexibility in providing other objectives. An instruction fetch (I-fetch)
policy, e.g., icount [64], decides how instructions are fetched from the threads,
thereby implicitly determining the way internal processor resources, like rename

2MT is orthogonal to the out-of-order mechanism of the processor, if it exists.
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registers or issue queue (IQ) entries, are allocated to the threads. A common char-
acteristic of many existing fetch policies is that they attempt to maximize through-
put [64] and/or fairness [46]3, possibly by stalling or flushing threads that experience
L2 misses [20][43][63], or reducing the effects of mispeculation by stalling on hard-
to-predict branches [37][45].

Throughput or fairness might be acceptable objectives in many computing sys-
tems. However, the Operating System (OS) may need to impose additional objec-
tives. This may relate only to some of the threads and may get priority over generic
objectives such as fairness and/or throughput. For instance, in order to meet some
real-time requirements, the OS may require that a designated thread runs at a cer-
tain percentage of the maximum speed it would get if it had the machine alone.
When the designated thread is executed in an SMT processor, it will typically be
sharing processor resources with other threads (if it was running on its own, it would
clearly underutilize the SMT and defy the whole point about having SMTs). As a
result, the designated thread’s performance requirement cannot be guaranteed using
the current collaboration between the OS and SMTs. This is because the fetch pol-
icy used for resource sharing would assign resources in order to meet its own overall
objectives rather than those of the OS. If it would serve its purpose to allocate fewer
resources to the designated thread, it would do so.

Even though SMT processors are good candidates for many future computing
systems, these two problems (OS/SMT collaboration and the lack of flexibility),
make the feasibility of SMTs for those systems difficult.

1.2 Thesis contributions

The main purpose of this thesis is to add hardware support in the SMT processor
and software mechanisms in the OS with a two-fold objective. First, to improve the
performance of SMTs in computing systems where SMTs are already used. Second,
to allow SMTs to fulfill more QoS requirements and hence, to allow them to be used
in a wider range of systems.

The main contribution of this thesis is that we propose for the first time the con-
cept of Explicit Resource Allocation (ERA) for SMT processors as well as strategies
that make use of this concept to provide flexible OS/SMT collaboration. We show
that by directly controlling SMT shared resources we achieve our first objective,
namely, improving SMT overall performance. Moreover, we explicitly specify to the
OS how each thread uses resources. This enables SMTs to be used in other types of
systems, our second objective. In this thesis, we focus on two main types of systems:

e High-performance systems: for high-performance systems we propose two I-
fetch policies, called Flush++ and DWarn.

3The concepts of throughput and fairness for SMTs are defined in the following chapters.
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— Flush++: the Flush++ policy improves previous I-fetch policies in the
SMT literature in throughput and fairness while reducing the number of
instructions flushed from the pipeline due to L2 data cache misses.

— DWarn is a simple mechanism that provides good throughput/fairness
trade-off, while removing the need of flushing instructions from the
pipeline due to cache misses.

These two mechanisms were the first step for the conception of the idea of
explicit resource allocation. After that, and based on ERA we propose a third
mechanism, dcra. Dcra moves one step further than I-Fetch policies, achieving
a better throughput/fairness/power consumption balance than all evaluated
fetch policies.

e Real-time systems: for real-time systems we propose two mechanisms, Pre-
dictable Performance and Low-Variability Performance, that in contrast to
previous approaches, allow SMTs to be used in real-time environments. The
main idea behind both proposals is to make explicit the use of resources to
the OS. For that purpose, it is required small changes in the OS and hardware
support in the SMT processor. Our results show that we achieve a success
rate in meeting tasks deadline higher than 98% while the performance of the
SMT is not heavily affected.

We would like to emphasize at this point that many of the quality of service
requirements shown in this thesis were weakly defined or not defined for SMT pro-
cessors at the time we analyzed them. The consequence of this was that, in some
cases one of the major challenges we addressed was to redefine system requirements
in an SMT environment.

1.3 Thesis structure

An intuitive organization of this thesis would be to start defining the concept of
Quality of Service for SMT processors and next, showing our hardware/software
changes to provide quality of service on each of the two systems discussed in the
previous section. The main problem of this organization is that the concept of
quality of service we originally applied to SMTs changed as this thesis was being
developed. Furthermore, some requirements were addressed differently before and
after the concept of QoS was defined. For this reason, we will use a chronological
order to show our proposals. We show the quality of service requirements as well as
our proposals in the same order we addressed them.

This thesis is structured as follows:

e Chapter 2 is devoted to explain our experimental environment. This includes
both the simulation tools and the benchmarks used in this thesis.
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Chapter 3 defines the requirements that high-performance systems can have
on SMT processors. This section also shows our first two proposals to meet
these requirements.

Chapter 4 describes our concept of quality of service for SMT processors as
well as the catalyst of that concept, namely, explicit resource allocation. We
show how by explicitly controlling the resource allocation in an SMT, we can
move one step further than previous proposals. On the one hand, we improve
those techniques focused on high-performance systems. On the other hand,
we enable SMT processors to be used in other type of systems, like real time
systems.

Chapter 5 presents the last of our proposals focused on high-performance sys-
tems. This last proposal is based on the concept of explicit resource allocation.

Chapter 6 is devoted to present the studies we did on SMT processors for
real-time systems. We analyze in this chapter the requirements of a real-time
system, previous approaches, and finally, we show our own proposals.

Chapter 7 shows the conclusions of this thesis.



Experimental Framework






CHAPTER 2
EXPERIMENTAL FRAMEWORK

This chapter is devoted to explain the evaluation tools we have used in order to
check our proposals. We show the benchmarks used for that purpose as well.

2.1 Evaluation tool

To evaluate the performance of the different mechanisms shown in this thesis, we
use a trace driven SMT simulator derived from smtsim [65]. The simulator consists
of our own trace driven front-end and an improved version of smtsim’s back-end.
The simulator allows executing wrong path instructions by using a separate basic
block dictionary that contains all static instructions.

In our baseline architecture, shown in Figure 2.1, the fetch logic fetches in-
structions from the instruction cache in program order. We have used two fetch
architectures.

e 1.X: up to X instructions can be fetched each cycle from a single thread.

e 2.X: up to X instructions can be fetched each cycle from at most two threads.

An instruction fetch policy determines from which of the available threads in-
structions are fetched. Next, instructions are decoded and renamed in order to track
data dependences. When an instruction is renamed, it is allocated an entry in the
issue queues (window or 1Qs) until all its operands are ready. FEach instruction also
allocates one Re-Order Buffer (ROB) entry and a physical register, if required. ROB
entries are assigned in program order. When an instruction has all its operands
ready, it is issued!: it reads its operands, executes, writes its results, and finally
commits.

The data and the instruction caches are accessed with physical addresses. The
data cache uses write back as write hit policy and write allocate as write miss
policy [35]. Caches are tagged with the identifier of threads so that threads do not
share data and/or instructions.

A key parameter for all the studies discussed in this thesis are the resources
that are shared between threads and which are exclusive for each thread. The main
shared resources in our baseline architecture are the following;:

'Tn this thesis, the term dispatch indicates the action of moving instructions to the issue queues.
The term issue is applied to the action of submitting instructions from the issue queues to the
backend of the machine.
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Fig. 2.1: Block Diagram of our baseline architecture

The fetch bandwidth: this is one of the key parameters for the performance of
the processor [64]. The instruction fetch policy determines which threads use

the fetch bandwidth.

The issue queues: after the rename stage the processor considers all instruc-
tions equal until they are committed. The 1Qs are shared between all threads.

The issue bandwidth: unless stated otherwise, the default issue policy we use
is first in first out (oldest first).

The physical registers: like the issue queues, the physical register file is com-
mon to all contexts.

Caches (the instruction cache, the L1 data cache, and the unified L2 cache):
caches are shared between threads. However, caches are tagged with the iden-
tifier of the context. Hence, the data of one context is not shared with any
other context.

TLBs (the instruction TLB and the data TLB): like caches, TLBs are tagged
with thread identifier. In Chapter 6 it is shown that the number of misses
of the threads in the TLBs is low. For this reason, TLBs are not taken into
account throughout this thesis.

Reorder Buffer: in some of our experiments we use a shared ROB while in
other we use a separated ROB for each thread. This only slightly changes
performance results as long as we control physical registers as well. That is,
if we control the physical registers, the influence of the ROB is not significant
in our architecture.
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Fig. 2.2: Stages in our baseline architecture

The pipeline of our baseline architecture is composed of eight stages as shown in
Figure 2.2. In some of the experiments shown in the following chapters, we consider
that access to the register file (RRead and RWrite stages) takes two cycles. In other
experiments, the Decode stage takes up to 5 cycles and the Rename stage up to 3
cycles. In this way, the number of stages of our pipeline varies from 8 up to 16.

2.2 Benchmarks

We use independent? programs from the SPEC2000 integer and fp benchmark suite
shown in Table 2.1.

Table 2.1: FastForward used for each Spec CPU 2000 Benchmark.

Benchmark type | Benchmark name Input Language Fast Forward
(Millions)
164.gzip graphic (@] 68.100
175.vpr place C 2.100
176.gcc 166.1 (@] 14.000
181.mcf inp.in C 43.500
186.crafty crafty.in (@] 74.700
191.parser ref.in C 83.100
INTEGER 252.eon cook C++ 57.600
253.perlbmk splitmail.535 C 45.300
254.gap ref.in C 79.800
255.vortex lendianl.raw (@] 58.200
256.bzip2 inp.program C 13.500
300.twolf ref C 324.300
168.wupwise wupwise.in Fortran77 | 263.100
171.swim swim.in Fortran77 | 47.100
172.mgrid mgrid.in Fortran77 | 187.800
173.applu applu.in Fortran77 | 10.200
177.mesa frames100 + msea.in C 294.600
178.galgel gagel.in Fortran90 | 175.800
FP 179.art -scanfile c756hel.in -trainfilel al0.img C 13.200
-trainfile2 hc.img -stride 2 -startx 110
-starty 200 -endx 160 -endy 240 -objects 10
183.equake inp.in C 27.000
188.ammp ammp.in C 13.200
189.lucas lucas2.in Fortran90 | 30.000
191.fma3d fma3d.in Fortran90 | 10.500
301.apsi apsi.in Fortran77 | 192.600

Each program is executed using the reference input data set and compiled with
the —O2 — non_shared options using the DEC Alpha AXP-21264 C/C++ compiler.
Fortran programs are compiled with the DIGITAL Fortran 90/Fortran 77 compilers

2By independent we mean non-parallel programs.
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with the O2 — g3 — non_shared options. Traces of the benchmarks are collected of
the most representative 300 million instruction segment, following an idea presented
in [22][56].

Programs are divided into two groups based on their cache behavior, as shown in
Table 2.2. For our experiments, we use an L2 cache of 512 Kb. Those benchmarks
with an L2 cache miss rate higher than 1% are considered memory bounded (MEM),
and the other are considered ILP (CPU bounded). The L2 miss rate is calculated
with respect to the number of dynamic loads.

Table 2.2: Cache behavior of each benchmark in a 512Kb L2 cache

Benchmark | Benchmark | L2 cache Benchmark | Benchmark | L2 cache
type name miss rate type name miss rate
mcf 29.6 gap 0.7
INTEGER twolf 2.9 vortex 0.3
vpr 1.9 gce 0.3
parser 1.0 INTEGER perl 0.1
art 18.6 bzip2 0.1
FP swim 11.4 crafty 0.1
lucas 7.47 gzip 0.1
equake 4.72 eon 0.0
apsi 0.9
FP wupwise 0.9
mesa 0.1
fma3d 0.0

(a) Memory bounded benchmarks (b) CPU bounded benchmarks

In the final part of this thesis, we use real-time applications drawn from ten voice,
image and video coder and decoder applications from the MediaBench suite [1][40].
Table 2.3 shows the applications used in this thesis. MediaBench programs are
executed until completion.

Table 2.3: MediaBench Benchmarks used in this thesis.

| Benchmark name | Media | Language | input |
adpcm speech C clinton.pcm
epic image C test_image.pgm
gsm speech C clinton.pcm
g721 speech C clinton.pcm
mpeg2 video C test2.mpeg
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QOS FOR HIGH-PERFORMANCE
SYSTEMS WITH IMPLICIT
RESOURCE ALLOCATION

In this chapter we analyze the requirements that a high-performance system can
request from an SMT processor. As we will see, these requirements are mainly
throughput and fairness. Next, we analyze the state-of-the-art proposals. Finally,
we show our first two proposals: Flush++ (Section 3.4) and DWarn (Section 3.5).

3.1 Introduction

It has been demonstrated that Multithreaded and Simultaneous multithreaded ar-
chitectures are promising means of achieving high performance by better using pro-
cessor resources [32][54][64][65][71], with a moderate area overhead over a superscalar
processor [12][36][47]. In an SMT processor, several threads run together with the
objective of increasing available instruction level parallelism. Co-scheduled threads
use exclusively some machine resources, like the reorder buffer, and share others like
the issue queues or the physical registers, the functional units, and the physical reg-
isters. Shared resources are dynamically allocated between threads competing for
them. An I-fetch policy determines which threads enter the processor, and hence,
how shared resources are allocated.

In an SMT, resource distribution among threads determines not only the final
processor performance, but also the performance of individual threads. If a single
thread monopolizes most of the resources, it will run almost at its full speed, but the
other threads will suffer a slowdown due to resource starvation. The design target
of an SMT processor determines how the resources should be shared. If increasing
[PC (throughput) is the only target, then resources should be allocated to the faster
threads, disregarding the performance impact on other threads. However, current
SMT processors are perceived by the OS as multiple independent processors. As a
result, the OS schedules threads onto what it regards as processing units operating
in parallel and if some threads are favored over others, the job scheduling of the OS
could severely suffer. Therefore, ensuring that all threads are treated fairly is also
a desirable objective for an SMT processor that should be taken into account.
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Fig. 3.1: Schema of the related policies

3.2 Related work

Current approaches to improve the throughput and fairness include both software
and hardware approaches. Software approaches focus on compiler techniques [44][49]
and operating system techniques [55] that try to reduce the interference in SMT
hardware shared resources. In this thesis we focus on hardware approaches. The
main hardware approaches are explained next.

In [64] it is observed that the throughput of an SMT processor is quite sensitive
to the I-Fetch policy. In [64] several fetch policies are proposed, from which we
explain the main two. First, round-robin [64] is the most basic form of fetch and
simply fetches instructions from all threads alternatively, disregarding the resource
use of each thread. Second, icount [64] prioritizes threads with few instructions in
the issue queues (and in the pre-issue stages). From the policies presented in [64]
icount provides the best performance results.

The icount policy presents good results for threads with high ILP. However,
SMTs have special problems, not addressed by either round-robin or icount, that
may cause a significant performance drop. These problems are two:

e Branch mispredictions: resources and power are wasted by executing instruc-
tions along a mispredicted path, and icount assigns priorities disregarding the
fact that a thread may be on a wrong speculative path. Some current poli-
cies, like Fetch Prioritizing and Gating (fpg) [45], and AGstall [37] work on
top of icount (see Figure 3.1), and add branch speculation control to reduce
this waste. These policies obtain a significant reduction in waste and a slight
improvement in total IPC.

e Load miss latency: icount and round-robin also disregard that a thread can be
blocked on an L2 miss, and will not make progress for many cycles. The icount
policy only takes into account the occupancy of the issue queues, giving higher
priority to those threads with fewer instructions in the queues (and in the pre-
issue stages). When a load misses in L2, dependent instructions occupy the
issue queues for a long time.

— On the one hand, if the number of dependent instructions is high, this
thread will have low priority. However, these entries cannot be used by
the other threads degrading their performance.
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— On the other hand, if the number of dependent instructions after a load
missing in L2 is low, the number of instructions in the queues is also
low. Hence this thread will have high priority and will execute many
instructions that cannot be committed for a long time. As a result, the
processor can run out of registers.

Therefore, the icount policy only has a limited control over the issue queues and
ignores the occupancy of the physical registers.

In this chapter we focus on policies dealing with the problem of long latency
loads. The performance of these type of policies depends on the following two
factors: the detection moment (DM) and the response action (RA).

e The DM indicates the moment in which a policy detects a load that fails or
is predicted to fail in cache. Possible values range from the cycle the load is
fetched into the processor until the cycle in which the load finally fails in the
L2 cache. Two characteristics associated with the DM are the reliability and
the speed. The higher the speed of a method to detect a delinquent load is, the
lower its reliability. On the one hand, if we wait until the load misses in L2,
we know for certain that it is a delinquent load: totally reliable but too late.
On the other hand, we can predict which loads are going to miss by adding a
load miss predictor to the front-end [43]. In this case, the speed is higher, but
the reliability is low due to predictor misses.

e The RA indicates the behavior of the policy once a load is detected or predicted
to miss in cache, that is, it defines the measures that the fetch policy takes for
delinquent threads.

With these two parameters, we classify all current policies related to long latency
loads, see Table 3.1.

In [43], a mechanism called dc-pred is presented. It uses a load miss predictor to
detect the L2 missing loads in the fetch stage (we call this DM fetch) and for the
RA, the corresponding thread is restricted to use a maximum amount of available
resources (limit resources). When the missing load is resolved the thread is allowed
to use all resources. The main problem of this policy is that the fetch DM does not
detect all loads missing in L2 and hence some loads that actually fail in the cache
and that are not predicted to miss, can clog the shared resources.

In [63] two main mechanisms are proposed, both using the x cycles after issue
DM. When this DM is used, a load is declared to miss in the L.2 cache when it spends
more cycles in the cache hierarchy than needed to access the L2 cache, including
possible resource conflicts. The first mechanism stalls the delinquent thread until
the the load is resolved (gate RA). We call this combination stall. The main problem
of the stall policy is that the L2 miss detection already may be too late to prevent
a thread from occupying most of the available resources. For this reason authors
propose another mechanism that, in addition to stall the offending thread as long as
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Table 3.1: Response Action \ Detection Moment space

RA\DM Fetch cycle | L1 Data | X cycles | L2 cache
cache after issue
gate pdg dg stall
squash flush
limit resources de-pred

the load is not resolved, it flushes the instructions of the delinquent thread after the
L2 missing load (squash RA). We call this combination flush. As a result of applying
flush, the offending thread temporarily does not compete for resources and, more
importantly, the resources used by this thread are freed, giving the other threads
full access to them. Stall is less aggressive than flush, does not require hardware as
complex as flush, and does not re-execute instructions. However, its performance
results are worse.

In [20], two mechanisms are proposed to reduce clogs in the issue queues caused
by loads that miss in the L1 data cache. The first mechanism, data gating, or
dg, stalls a thread when it has more than n outstanding misses. The second one,
predictive data gating or pdg, is more aggressive than dg and adds an L1 data cache
miss predictor. The pdg policy stalls a thread when the number of loads predicted
to miss plus the number of loads predicted to hit that in reality miss, is higher than
n. In [20] the authors use the value n = 0, hence with dg a thread is stalled on each
L1 miss. That is, it uses the [1 DM and the gate RA. With pdg threads are stalled
on each predicted miss (fetch DM and gate RA). The main problem of the dg and
pdg policies arises when there are few threads, because the exposed parallelism and
the pressure on resources are low. Consequently, to stall a thread every time it has
an L1 data miss may cause an under-utilization of the resources.

3.3 Metrics in high-performance systems

Several performance metrics have been proposed for SMT processors. Some of these
metrics try to balance throughput and fairness [46]. We use separate metrics for the
raw execution performance and for execution fairness.

e For performance, we measure IPC throughput, the sum of the IPC values of
all running threads, as it measures how effectively resources are being used.

e However, increasing IPC throughput is only a matter of assigning more re-
sources to the faster threads and hence measuring fairness becomes imper-
ative. We measure fairness using the Hmean metric proposed in [46], as
it has been shown that it offers better fairness-throughput balance than
Weighted Speedup [53][63]. Hmean measures the harmonic mean of the IPC
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speedup (or slowdown) of each separate thread, exposing artificial throughput
improvements achieved by providing resources to the faster threads.

We call the fraction I PCgpr/IPCguone the relative IPC, where the I PCgsyr
is the IPC of a thread in a given workload, and the I PC,,,. is the IPC of a
thread when it runs in isolation. The Hmean metric is the harmonic mean of
the relative IPC of the threads in a workload. Hmean is calculated as shown
in equation 3.1.

#threads

Z IPCalone
threads TPCgpr

Hmean = (3.1)

Finally, we use the extra fetch (EF) metric. It measures the extra instruc-
tions fetched due to flushing of instructions, see equation 3.2. Here we are not
taking into account the flushed instructions due to branch misspredictions,
but only those related with the loads missing in L2. EF compares the total
fetched instructions (flushed and not flushed) with the instructions that are
fetched and not flushed. The higher the value of the EF the higher the num-
ber of squashed instructions respect to the total fetched instructions. If no
instructions is squashed, EF is equal to zero.

BF— Total Fetched
~ \ Fetched not squashed

1) «100(%) (3.2)

With these three metrics we measure the efficiency of all our proposals for high-
performance systems.

3.4 Flush++

When a thread experiences an L2 cache miss, instructions after this load occupy
resources for a long time while making little progress. Each instruction occupies
a ROB entry and many of them a physical register from the rename stage to the
commit stage. It also uses an entry in the issue queues while any of its operands
is not ready, and a functional unit (FU). Neither the ROB nor the FUs present
a problem, because the ROB is not shared and the FUs are pipelined. The issue
queues and the physical registers are the actual problem, because they are used for
a variable, long period. Thus, the instruction fetch policy must prevent an incorrect
use of these shared resources to avoid significant performance degradation.

Several policies have been proposed to alleviate the previous problem as shown in
the related work section of this chapter. In the first part of this section we compare
several of these fetch policies. Next, we analyze the use of a load miss predictor in
an SMT processor, and compare it with the flush and stall policies. As we show
below, no policy outperforms all others in all cases: each behaves better than the
others depending on the metric used and on the workload. Based on this initial
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study, in the second part we propose improved versions of each policy. Throughput
and fairness [46] results show that in general improved versions achieve significant
performance improvement over the original versions for a wide range of workloads,
ranging from two to eight threads.

3.4.1 Experimental setup

As show in Chapter 2, we use a trace driven SMT simulator, based on smtsim [65].
The main parameters of our baseline configuration is shown in Table 3.2.

Table 3.2: Baseline configuration

| Processor Configuration

Fetch/Issue/Commit Width 8
Baseline fetch policy icount
Baseline fetch architecture 2.8
Issue Queue Entries 32 int, 32 fp, 32 1d/st
Execution Units 6 int, 3 fp, 4 1d/st
Physical Registers 384 int, 384 fp
ROB size 256 entries per thread
| Branch Prediction Configuration
Branch Predictor 2K entries gshare
Branch Target Buffer 256-entry, 4-way associative
RAS 256 entries
| Memory Configuration |
Icache, Dcache 64 Kbytes, 2-way, 8-bank, 64-byte
lines, 1 cycle access
L2 cache 512 Kbytes, 2-way, 8-bank, 64-byte
lines, 10 cycle access
Main memory latency 100 cycles
TLB miss penalty 160 cycles

From SPEC benchmarks and based on their cache behavior, Figure 2.2, we have
created 12 workloads, as shown in Table 3.3, ranging from 2 to 8 threads. In the
ILP workloads, all benchmarks have good cache behavior. All benchmarks in the
MEM workloads have an L2 miss rate higher than 1%. Finally, the MIX workloads
include ILP threads as well as MEM threads. For MEM workloads some benchmarks
were used twice, because there are not enough SPECINT benchmarks with bad
cache behavior. The replicated benchmarks are highlighted in boldface in Table
3.3. We have shifted the second instance of a replicated benchmarks by one million
instructions in order to avoid that both threads accessing the cache hierarchy at the
same time.

3.4.2 Load miss predictors in an SMT environment

We have analyzed the performance of several load miss predictors. Before explaining
each of these predictors, we describe hardware needed to enable the use of load miss
predictors, which we call [2mp. This policy is similar to pdg [20], but it predicts 1.2
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Table 3.3: Workload classification based on cache behavior of threads.

# of Workload Workloads
threads type

ILP gzip, bzip2

2 MIX gzip, twolf
MEM mcf, twolf
ILP gzip, bzip2, eon, gcc

4 MIX gzip, twolf , bzip2, mcf
MEM mcf, twolf, vpr, twolf
ILP gzip, bzip2, eon, gcc crafty, perlbmk

6 MIX gzip, twolf, bzip2, mcf, vpr, eon
MEM mcf, twolf, vpr, parser, mcf, twolf
ILP gzip, bzip2, eon, gcc crafty, perlbmk, gap, vortex

8 MIX gzip, twolf, bzip2, mcf, vpr, eon, parser, gap
MEM mcf, twolf, vpr, parser, mcf, twolf, vpr, parser

misses instead of L1 misses. After that, we describe the load miss predictors that
we evaluated as well as the metrics used to compare the effectiveness of the different
load miss predictors.

The 12mp policy

The 12mp scheme is shown in Figure 3.2. The predictor acts in the decode stage.
It is a table indexed by the PC of a load: if a load is not predicted (1) to miss in
L2, it executes normally. If a load is predicted (1) to miss in L2 cache, the thread
it belongs to is stalled (2). This load is tagged indicating that it has stalled the
thread. When this load is resolved, either in the Dcache (3), or in the L2 cache(4),
the corresponding thread resumes.

_I Fetch e continue
L ——

! stalll prediction |__hit
(2) |Mechanism hit/miss

Instr.

Cache
I () 4)
Data

Cache
—
Rename

L2
Cache

Fig. 3.2: 12mp mechanism

Load miss predictors

We have explored a wide range of load miss predictors. The one that obtains the
best results is the predictor proposed in [43]. We call this predictor pattern predictor.
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In this section, we show the results of the pattern predictor and also the results of
the predictor proposed in [20], called 2bc.

The pattern predictor uses one table per thread. Each table is direct mapped
and each of its entries contains three fields: a tag, the number of hits in the cache
(Data cache and L2 cache) between the last two misses in L2, and the number of
hits in the cache since the last miss. A load is predicted to miss in L2 when the last
two fields are equal. The table is updated when a load hits in the cache (Data cache
or 1.2) and when the load misses in L2.

The 2bc predictor uses only one table that is shared between threads. This table
is indexed by the PC of the load and it has 2K entries of two bit saturating counters.
On a miss, the corresponding entry is cleared and on a hit, it is incremented. The
most significant bit determines the prediction.

Metrics to compare load miss predictors

As in [72], we classify every dynamic load into one of four groups based on the result
of the load (hit or miss in cache), and on the prediction made by the predictor. The
contribution of this section is that we identify and analyze the particularities of each
group in an SMT processor.

We differentiate four groups, the first two represent predictor hits, and the last
two predictor misses.

e AHPH (actual hit - predicted hit): this group is formed by the loads that hit
in the Data cache or in the L2 cache and that are not predicted to miss. Thus,
they are executed normally.

e AMPM (actual miss - predicted miss): this group represents the loads missing
in the L2 cache that are detected by the predictor. That is, the loads correctly
stalled. This improves performance as we detect loads that are going to miss
in the L2 cache and clog resources.

e AHPM (actual hit - predicted miss): loads that hit in the L1 cache or in the
L2 cache that are predicted to miss. In this case, the corresponding thread is
unnecessarily fetch-stalled until this load is resolved. Hence, its performance
is degraded. If the load hits in L1 data cache, it takes approximately 5 cycles
in the simulated architecture to re-start the thread. If the load miss in L1 and
hits in L2, it takes approximately 15 cycles in the simulated architecture.

e AMPH (actual miss - predicted hit): this group covers those loads that actually
miss in L2 but that are not detected by the predictor. These loads heavily
degrade the performance of the SMT processor because machine resources are
clogged by the instructions after these loads.

To measure the effectiveness of the predictors we use two metrics. First, false
misses: the percentage of incorrect mispredictions (AHPM/PM). Second, filtered
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loads: the percentage of actual misses (AM) that are detected by the predictor
(AMPM/AM). The objective of the predictor is to maximize the filtered loads while
minimizing the false misses. However, there is a trade-off between these two factors,
because to achieve a high percentage of filtered loads the predictor must be more
aggressive probably increasing the false misses.

Load miss predictors evaluation

Regarding to the pattern predictor, in [43] authors do not indicate the size of the
predictor. We have explored different sizes, and the best result is obtained when the
table has 8 entries. In this case the total predictor size is 2.944 Kbits (8 threads x
8 entries x (30 bits of tag + 8 bit counter + 8 bit counter)). Figures 3.3(a) and (b)
compare the effectiveness of both predictors. These figures respectively show the
percentage of false misses and the percentage of detected loads missing in L2. We
observe that the pattern predictor presents the best results: it has less false misses
and detects more loads loads that miss in the L2 cache. Hence, we use this predictor
in the 12mp policy in the remainder of this section.
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Fig. 3.3: Effectiveness of the pattern predictor and the 2bc

3.4.3 Comparing the current policies

In this section we determine the effectiveness of the different policies addressing the
problem of load latency. We compare the stall, flush and 12mp policies using the
throughput and the Hmean metrics. In Figure 3.4, we show the throughput and the
Hmean improvements of stall, flush, and 12mp over icount. L2mp achieves important
throughput improvements over icount, mainly for 2-thread workloads. However,
fairness results using the Hmean metric indicate that for the MEM workloads the
12mp is more unfair than icount. Only for 8-thread workloads 12mp outperforms
icount in both throughput and Hmean. Our results indicate that this is because 12mp
hurts MEM threads and boosts ILP threads, especially for few-thread workloads. If
we compare the effectiveness of 12mp to other policies addressing the same problem,
like stall, we observe that 12mp only achieves better throughput than stall for MEM
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Fig. 3.4: Comparing current policies

workloads. However, 12mp heavily affects fairness. We explain why 12mp does not
obtain results as good as stall below.

The results of flush and stall are very similar. In general flush slightly outper-
forms stall, especially for MEM workloads and when the number of threads increases.
This is because when the pressure on resources is high it is more preferable to flush
delinquent threads and hence free resources, rather than stall these threads which
causes them to hold resources for a long time. As stated before, no policy outper-
forms all others either for all workloads or for all metrics. Each one behaves better
than others depending on the particular metric and workload.

3.4.4 Improved policies

In this section we present our improvements of the policies discussed previously:
12mp, stall y flush. Finally, based on the behavior of all these policies we propose a
new policy called Flush++.

Improving 12mp

We have seen that 12mp alleviates the problem of load latency, but it does not achieve
results as good as other policies addressing the same problem. The main drawback
of 12mp is the AMPH loads, that is, those loads missing in the L2 cache that are not
detected by the predictor. These loads can seriously damage performance because
subsequent instructions occupy resources for a long time. Figure 3.5 indicates that
this percentage is quite significant from 50% to 80%, and thus the problem still
persists. We propose to add a safeguard mechanism to “filter” these undetected
loads. That is, a mechanism that acts on loads missing in L2 that are not detected
by the predictor. The objective is to reduce the harmful effects caused by these
loads. In this section, we use stall [63] as a safeguard mechanism.

Our results show that, when using 12mp, the fetch is totally idle for many cycles
(15% for the 2-MEM workload) because all threads are stalled by the 12mp mech-
anism. Another important modification that we have made to the original 12mp
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mechanism, is to always keep one thread running in order to avoid idle cycles of the
processor. We call the resulting policy 12mp+-.

Figures 3.6 (a) and (b) show the throughput and the Hmean improvement of
12mp+ over 12mp. Throughput results show that for MEM workloads 12mp outper-
forms 12mp+ by 5.1% on average, and for MIX 12mp+ outperforms 12mp by 16% on
average. We have investigated why 12mp improves 12mp+ for MEM workloads. We
detected that 12mp+ significantly improves the IPC of mcf (a thread with a high
L2 miss rate), but this causes an important reduction in the IPC of the remaining
threads. Given that the IPC of mcf is very low, the decrease in IPC of the remain-
ing threads affects the overall throughput more than the improvement in IPC of
mef. Hmean results, see Figure 3.6 (b), confirm that the 12mp+ policy presents a
better throughput/fairness balance than the 12mp policy, only suffering slowdowns
less than 1%.
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Improving flush

The flush policy always attempts to leave one thread running. In doing so, it does
not flush and fetch-stall a thread if all remaining threads are already fetch-stalled.
Figure 3.7 shows a timing example for 2 threads. In cycle c0, thread T0 experiences
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an L2 miss and it is flushed and fetch-stalled. After that, in cycle c1, thread T1 also
experiences an L2 miss, but it is not stalled because it is the only thread running.
The main problem of this policy is that by the time the missing load of TO is
resolved in cycle ¢2 and this thread can proceed, the machine is presumably filled
with instructions from thread T1. These instructions occupy resources until the
missing load of T1 is resolved in cycle ¢3. Hence, performance is degraded.

L2 miss Load resolved
(. B— —
T1 | H
time i i i i _

c0 ci c2 c3

Fig. 3.7: Timing of the flush policy

The improvement we propose is called Continue the Oldest Thread (COT). When
there are N threads, N — 1 of them are already stalled, and the only thread running
experiences an L2 miss, it is stalled and flushed, but the thread that was first stalled
is continued. For the previous example, the new timing is depicted in Figure 3.8.
When thread T1 experiences an L2 miss, it is flushed and stalled and T0 is continued.
Hence, instructions from T0 consume resources until cycle ¢2 when the missing load
is resolved. However, this does not affect thread T1 because it is stalled until cycle
c3. In this example, the COT improvement has been applied to flush, but it can be
applied to any fetch-gating policy. We have applied it also to stall. We call the new
versions of flush and stall, flush+ and stall+, respectively.

L2 miss Load resolved

T T

time \ \ L -

Fig. 3.8: Timing of the improved flush policy

Figure 3.9 (a) shows the throughput and the Hmean improvements of flush+ over
flush. We observe that flush+ improves flush for all workloads. We also observe
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that for MEM workloads flush+ clearly outperforms flush, for both metrics, and
this improvement decreases as the number of threads increases. This is because,
as the number of threads increases, the number of times that only one thread is
running and the remaining are stopped, is lower. For MIX and ILP workloads, the
improvement is lower than for the MEM workloads because the previous situation
is less frequent. Regarding flushed instructions, in Figure 3.9(b) we see the EF
decrement of flush+ over flush . We observe that, on average, flush+ reduces EF by
60% for MEM workloads compared to flush, and only increases EF by 20% for MIX
workloads. These results indicate that flush+ presents a better throughput/fairness
balance than flush, and moreover reduces extra fetch.

-
o

80

O Throughput| — —
@ Hmean

[N
>

@
=}

Improvement (%)
B e
o N
EF decrement (%)
N B
o o
0
I

i

0

L Bl B |

N}
S}

o N M O ©
T —

A
S

ILP ‘MIX ‘MEM
8

ILP ‘MIX ‘MEM
6

ILP ‘ MIX ‘MEM
4

ILP ‘ MIX ‘MEM
2

MIX [MEM

ILP ‘ MIX |MEM
4

(a) Throughput and Hmean results (b) EF decrement

ILP ‘MIX MEM ILP ‘ MIX [MEM| ILP
2 6

Fig. 3.9: Improvement of the flush+ policy over the flush policy.

Improving stall

Figures 3.10 (a) and (b) show the throughput and the Hmean improvement of stall+
over stall. We observe that the improvements of stall4+ over stall are less pronounced
than the improvements of flush+ over flush. Throughput results show that in gen-
eral stall+ improves stall, and only for the 2-MEM workload there is a remarkable
slowdown of 3%. The Hmean results show that stall+ outperforms stall for all work-
loads, and especially for MEM workloads. We do not show EF results because the
stall and stall4+ policies do not squash instructions.

We have analyzed why stall outperforms stall4 for the 2-MEM workload. We
observed that this is caused by the benchmark mcf. The main characteristic of this
benchmark is its high L2 miss rate. On average, one of every eight instructions is
a load failing in L2. In this case, the COT improvement behaves as show in Figure
3.11: in cycle c0 the thread TO (mcf) experiences an L2 miss and it is fetch-stalled.
After that, in cycle cl, T1 experiences an L2 miss it is stalled and TO (mcf) is
continued. A few cycles after that, mcf experiences another L2 miss, thus control is
returned to thread T1. With flush, every time a thread is stalled it is also flushed.
With stall, this is not the case. Hence, from cycle c1 to ¢2, mcf allocates resources
that are not freed for a long time, degrading the performance of T1. That is, the
COT improvement for the stall policy improves the IPC of benchmarks with high
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Fig. 3.10: Improvement of the stall+ policy over the stall policy.

L2 miss rate, mcf in this case, but hurts the IPC of the remaining threads. This
situation is especially acute for 2-MEM workloads. To solve this problem, and other
ones, we develop a new policy called flush++-.

Load
resolved

10—yt

e T

c0 ci c2 c3 c4

L2 miss L2 miss

Fig. 3.11: Timing when a thread with high L2 miss rate is executed

3.4.5 The flush4++ policy

The flush++ policy tries to combine the advantages of both previous policies, stall
and flush+. It focuses in the following three points.

e First, for MIX workloads stall presents good results. It is an alternative to
flush+ avoiding instruction re-execution.

e Second, another objective is to improve the IPC of stall for MEM workloads
with a moderate increment in the re-executed instructions.

e Third, the processor knows every cycle the number of threads that are running.
This information can be easily obtained for any policy at runtime.

Flush++ works differently depending on the number of running threads. If the
number of running threads is less than four, it combines stall and flush+. It behaves
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like stall but when the COT improvement is triggered it acts as flush4. That is,
the flush is only activated when there is only one thread running and it experiences
an L2 miss. In the remaining situations, threads are only stalled. When there are
more than four threads running, we must consider two factors. On the one hand,
the pressure on resources is high. In this situation is preferable to flush delinquent
threads instead of stalling them because freed resources are highly profitable for the
other threads. On the other hand, flush+ improves flush in both throughput and
fairness for four-or-more thread workloads. For this reason, if the number of threads
is greater than four, we use the flush+ policy.

In Figure 3.12 we compare flush++ with the improved versions of existing fetch
policies: stall+, 12mp+, and flush+. Figure 3.12(a) shows the throughput results
and Figure 3.12(b) the Hmean results.

Regarding 12mp+, throughput results show that 12mp+ improves flush++ for
MIX workloads, and that flush++ is better than 12mp+ for MEM workloads. The
Hmean results indicate that only for 6-, and 8-thread workloads 12mp+ is slightly
more fair than flush++ for ILP and MIX workloads. For the remaining workloads
flush++ is more fair. In general, flush++ outperforms 12mp+.

For ILP and MIX workloads flush++ outperforms flush+ and for MEM work-
loads it is slightly worse. The most interesting point is that, as we can see in Figure
3.13, flush++ considerably reduces the EF of flush+. For 6-, and 8-thread workloads
the results are the same as those for flush+.

We observe that on average flush++ outperforms all other policies in both
throughput and fairness.

OSTALL+ B STALL+
2 15 |/mFLUSH+ 7 BFLUSH+
= HL2MP+ $'15 f|mL2MP+ -
210 H
7 (<3
g 510—
Slealoam
NI T 1 NP NN | R 1 I
5 IILBELE i) b § H
o
2 04 A
- : | TIv T
-10 5
ILP ‘ MIX ‘MEM ILP ‘ MIX ‘MEM ILP ‘MIX ‘MEM ILP ‘MIX ‘MEM ILP ‘rvux ‘MEM ILP ‘MIX ‘MEM ILP ‘MIX ‘MEM ILP ‘ MIX ‘MEM
2 4 6 8 2 4 6 8
(a) Throughput results (b) Hmean results

Fig. 3.12: Improvement of the flush++ policy over the flush, stall, flush+ and stall+ policies.

3.4.6 Conclusions

SMT performance directly depends on how the allocation of shared resources is
done. The instruction fetch mechanism dynamically determines how this allocation
is carried out. To achieve high performance, it must avoid that any thread monop-
olizes a shared resource. An example of this situation occurs when a load misses in
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the L2 cache. Current instruction fetch policies focus on this problem and achieve
significant performance improvements over icount.

We have compared three different policies addressing this problem. We show that
none of the presented policies clearly outperforms all others for all metrics. Results
vary depending on the particular workload and the particular metric (throughput,
fairness, energy consumption, etc).

The main contributions of this section are two. First, we analyze the use of a
load miss predictor in a SMT processor. And second, we present improved versions
of the three best policies addressing the described problem that have been published.
Our results show that these enhanced versions achieve a significant improvements
over the original ones:

e Throughput results indicate that 12mp+ outperforms 12mp for MIX workload
by 16% on average and is worse than 12mp only for 2-, 4- and 6-MEM workloads
(8% on average). Hmean results show that 12mp+ outperforms 12mp especially
for 2-thread workloads.

e The flush+ policy outperforms flush in both throughput and fairness, espe-
cially for MEM workloads. Furthermore, it reduces EF by 60% for MEM
workloads and only increases EF by 20% for MIX workloads.

e Throughput results show that in general stall4+ improves stall, and only for the
2-MEM workload there is a remarkable slowdown of 3%. The Hmean results
show that stall+ outperforms stall for all workloads, and especially for MEM
workloads.

e Flush++, a new dynamic control mechanism, is presented. It fully outper-
forms flush policy in both throughput and fairness. The flush++ policy also
reduces EF for the 2- and 4-thread workloads, and moderately increases EF
for the 6-MIX and 8-MIX workloads. Flush++ outperforms the stall4 policy,
with just a small degradation in throughput in the 6-MIX workload.
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3.5 DWarn

As shown in the previous section, an inappropriate use of the shared resources by
a thread can seriously damage the performance of the remaining threads. If the
processor would know in advance which loads are going to miss in the L2 cache this
problem would be alleviated. A clear in-advance indicator of L2 misses are L1 misses,
because a load only misses in 1.2 if it previously missed in L1. Data Gating policy [20]
is based on this fact, and stalls a thread every time it has an L1 miss. However, not
all L1 misses cause an L2 miss. Our results show that for memory bounded threads
less than 50% of L1 misses cause an L2 miss. Thus, to stall a thread every time it
experiences an L1 miss is too severe and causes resource under-use. On the other
hand, to react when the L2 miss is declared only alleviates the problem, because the
problem still persists until then, what may be too late. The flush policy [63] works
in this way and when the L2 miss is detected the thread it belongs to is flushed
from the pipeline and fetch-stalled until the offending load is resolved. However, our
results show that for memory bounded threads, the flushed instructions represent
35% of all fetched instructions. Obviously, this increases power consumption since
many instructions need to be fetched several times.

The policy we propose in this section, dwarn, also addresses this problem. The
implementation of dwarn implies neither extensive hardware complexity nor addi-
tional power consumption. The dwarn policy does not squash instructions in the
pipeline. Furthermore, it adapts to pressure on resources reducing resource under-
use. Dwarn uses L1 data cache misses as indicators of a possible L.2 miss. Threads
experiencing an L1 data cache miss are given lower fetch priority than threads with
no data cache misses. The key idea is to prevent the damage before it occurs, instead
of waiting until an L2 miss is produced, when probably some damage has already
been done. However, given that we are preventing possible damage (an L2 miss)
and we are not sure that this damage will really occur (not all L1 misses cause an 1.2
miss), we prefer to lower the priority of threads instead of a more drastic measure
like stalling threads entirely.

3.5.1 Simulation methodology

Our baseline configuration is shown in Table 3.4, which represents a 9-stage-deep
pipeline. Two important issues related to fetch policies are the following. First,
the fetch is aware that a load has missed in the L1 cache 5 cycles after this load
is fetched into the processor (if no resource conflicts happen). Second, it takes 10
cycles more from the L1 data miss to access the L2 cache (again, if no resource
conflicts happen).

In [63] stall and flush are evaluated for 2-, and 4-thread workloads. In [20] dg
and pdg are evaluated only for 8-thread workloads. Properties of workloads vary
depending on the number of threads they have. In addition, their properties also
depend on the cache behavior of the threads. In order to make a broad and fair
comparison of the policies, and to avoid that our results are tuned for a special
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Table 3.4: Baseline configuration

| Processor Configuration

Fetch/Issue/Commit Width 8
Baseline fetch policy icount
Fetch mechanism 2.8
Issue Queue Entries 32 int, 32 fp, 32 1d/st
Execution Units 6 int, 3 fp, 4 1d/st
Physical Registers 384 int, 384 fp
ROB size 256 entries per thread
| Branch Prediction Configuration
Branch Predictor 2K entries gshare
Branch Target Buffer 256-entry, 4-way associative
RAS 256 entries
| Memory Configuration |
Icache, Dcache 64 Kbytes, 2-way, 8-bank, 64-
byte lines, 1 cycle access
L2 cache 512 Kbytes, 2-way, 8-bank, 64-
byte lines, 10 cycle access
Main memory latency 100 cycles
TLB miss penalty 160 cycles

Table 3.5: Workload classification based on cache behavior of threads.

# of Workload Workloads
threads type

ILP gzip, bzip2

2 MIX gzip, twolf
MEM mcf, twolf
ILP gzip, bzip2, eon, gcc

4 MIX gzip, twolf | bzip2, mcf
MEM mcf, twolf, vpr, twolf
ILP gzip, bzip2, eon, gcc crafty, perlbmk

6 MIX gzip, twolf, bzip2, mcf, vpr, eon
MEM mcf, twolf, vpr, parser, mcf, twolf
ILP gzip, bzip2, eon, gcc crafty, perlbmk, gap, vortex

8 MIX gzip, twolf, bzip2, mcf, vpr, eon, parser, gap
MEM mcf, twolf, vpr, parser, mcf, twolf, vpr, parser

workload, we have created 12 workloads, as shown in Table 3.5. These workloads
range from 2 to 8 threads. In the ILP workloads all benchmarks have good cache
behavior. All benchmarks in the MEM workloads have an L2 miss rate higher than
1%. Finally, the MIX workloads include ILP threads as well as MEM threads. For
MEM workloads some benchmarks are used twice, because there are not enough
SPECINT benchmarks with bad cache behavior. The replicated benchmarks are set
in boldface in Table 3.5. We have shifted second instances of replicated benchmarks
by one million instructions to avoid that both threads access the cache hierarchy at
the same time.
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3.5.2 The Dcache Warn policy (DWarn)

Our dwarn policy is designed to prevent the negative effects caused by loads that miss
in the L2 cache and to reduce the resource under-use. Dwarn uses the [1 Detection
Moment (DM) and defines a new Response Action (RA), namely, reduce priority.
There are two main reasons why we use the [1 DM. First, unlike the fetch DM, the
[1 DM detects all loads that miss in L2, because a load misses in the L2 cache if
and only if it has previously missed in the L1 cache. Second, to wait X cycles after
the issue of the load to take measures for the delinquent thread may be too late,
because during that time the delinquent thread can have allocated many resources.
In conclusion, the [1 DM is both reliable and early enough, avoiding that resources
are clogged before the RA is carried out.

The novel reduce priority RA is based on the combination of two ideas, namely,
classification of threads, and prioritization of threads instead of gating threads.

e (lassification: at each cycle available threads are classified into two groups:
the first group, called Dmiss group, contains those threads that have one or
more in-flight L1 data cache misses. The remaining threads belong to the
second group, called Normal group. Once this dynamic classification is done,
we know which threads are less-promising (Dmiss) to fetch from. We consider
them to be less-promising because instructions after a missing load are more
likely to be in the processor for a longer time than those instructions belonging
to a thread with no in-flight data cache misses.

e Prioritization: once the classification is done, the fetch priority of the less-
promising (Dmiss) threads is reduced. This is done by prioritizing fetch from
Normal threads, and fetching instructions from the Dmiss threads only if there
are not enough available instructions from the Normal threads. This situation
happens, for example, when all Normal threads experience an instruction cache
miss, or when there is only one Normal thread available. Threads in each group
are sorted using icount.

By reducing the priority of the Dmiss threads, the opportunity of keeping the
fetch bandwidth fully used is given to Normal (more-promising) threads. Threads
are never stalled, and hence, even if a thread is in the Dmiss group, it has some
opportunity to fetch instructions. The idea behind this is that not all L1 misses
cause an L2 miss. The fourth column of Table 3.6 shows the percentage of L1 data
misses that cause an L2 miss. For MEM workloads less than 50% of L1 misses cause
an L2 miss (except for the mcf benchmark). Hence, to stall a thread on each L1
data miss would be too strict a measure.

2-thread workloads

When 2-thread workloads are executed, especially the 2-MIX and the 2-MEM work-
loads, very specific problems arise, which the reduce priority RA cannot prevent.
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Table 3.6: Cache behavior of each benchmark

| | L1 miss rate | L2 miss rate | L1 — L2 |

mcf 32.3 29.6 91.6
twolf 5.8 2.9 49.3
vpr 4.3 1.9 44.7
parser 2.9 1.0 36.0
gap 0.7 0.7 94.0
vortex 1.0 0.3 33.3
gce 0.4 0.3 82.2
perlbmk 0.3 0.1 42.7
bzip2 0.1 0.1 97.9
crafty 0.8 0.1 6.9
gzip 2.5 0.1 2.0
eon 0.1 0.0 2.1

When dwarn policy is used in a processor executing a 2-thread workload, both
threads can belong either to a different group, or to the same group (Dmiss or
Normal).

e If each one belongs to a different group, the classification made by dwarn is
effective because we are identifying which is the less-promising thread (the one
in the Dmiss group), and thus, the less-promising instructions. Even so, we
will explain why the reduce priority RA is not effective in this case.

e If both threads belong to the same group, the classification is not effective, and
the actual policy driving the fetch is icount (recall that threads in the same
group are sorted using icount). If both threads belong to the Normal group
that means that both threads are in an ILP code segment. Thus, there is no
performance degradation because icount presents good results when classifying
threads with high ILP. Instead, if both threads belong to the Dmiss group
performance is heavily degraded as we will see later in this section.

Our result show that for the 2-MIX workload, during 23% of the execution cycles
we are in the situation where each thread belongs to a different group. The fetch
fragmentation due to branches and cache line boundaries reduces fetch efficiency
[11], and hence the Normal (high-priority) thread is not able to fully use the fetch
bandwidth. Consequently, given that we fetch instructions for 2 threads each cycle,
the Dmiss (less-promising) thread can still fetch instructions into the processor. As
a result, many not promising instructions from the Dmiss thread are fetched into
the processor, and little by little internal resources are frozen by these instructions,
which will remain for a long time in the processor degrading performance.

When the 2-MEM workload is executed, our results show that during 51% of the
execution cycles all the threads making fetch are in the Dmiss group. Hence, all the
fetched instructions belong to Dmiss threads, and icount is the policy driving the
fetch. In this situation, as we will see in Figure 3.15, the allocation of resources is
poor and they are frozen for a long time. In addition, 20% of the execution cycles
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each thread belongs to a different group, so the problem presented for the 2-MIX
workload also persists in this case.
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Fig. 3.14: dwarn fetch bandwidth utilization

Figure 3.14 quantifies the use of the fetch bandwidth made by each group of
threads. Bars respectively indicate the percentage of fetch bandwidth used by Dmiss
threads, Normal threads, and the wasted percentage. For the 2-MIX workload 33%
of the fetch bandwidth is used by Dmiss threads. This value is even greater for the
2-MEM, where 47% of the fetch bandwidth is used by Dmiss threads. Consequently,
many instructions that make little progress and use shared resources for a long time
are still fetched into the processor, degrading performance.

Figure 3.15(a) shows the percentage of the shared resources used by a thread
having an L2 miss when this load is finally serviced when the reduce priority RA is
used. Bars respectively show the average occupancy of the integer registers (IREGS),
the integer issue queue (IQ), and the load/store issue queue (LQ). For 2-thread
workloads average values are 30% of the IREGS, 50% of the IQ and 40% of the
LQ. These values gradually decrease as the number of threads increases, because
there are more threads competing for resources. For the 2-MEM workload almost
60% of the IQ and the LQ are frozen by Dmiss threads. Although on average
40% of these queues are available for the other thread, we see in the accumulated
frequency histogram (Figure 3.15(b)) that 30% of the loads missing in L2 use more
than 24 entries of the 1Q (75%) and the whole LQ. That is, many times there are
few available entries in the queues, degrading performance of the other threads even
when we use dwarn.

Summary

Ultimately, to harness an 8-instruction-wide processor we need either to fetch in-
structions from several threads in a single cycle, or use new fetch organizations that
provide high fetch performance for 1.X instruction fetch policies [23]. In the former
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Fig. 3.15: Dwarn resource utilization

case, when we use a 2.8 fetch mechanism and only 2 threads are executed, the issue
queue entries and physical registers can be occupied for a long time by threads that
make little or no progress. The main reason is that the classification made by dwarn
is not effective because even when the Dmiss threads are given low priority, the
processor often fetches instructions from them®.

Different workloads present different behavior depending on the number of
threads and their cache miss rate. Knowing the behavior of a thread at runtime
is not easy, but the number of running threads is known by the processor at any
time. Hence, a way of addressing this variable behavior consists of using an I-Fetch
policy that varies its behavior based on the number of executing threads. We pro-
pose a hybrid mechanism that uses different RAs based on this number. If there are
less than three threads running we will use two RAs. When a load misses in L1 the
priority of its (Dmiss) thread is reduced. After that, if the load finally misses in L2
its thread is gated. In this way we prevent the Dmiss thread from clogging shared
resources. If the number of running threads is higher than 2 we will just reduce
the priority of Dmiss threads, because this is enough to prevent Dmiss threads from
clogging resources.

Implementation

Additional hardware required to implement our technique consists of a data miss
counter for each hardware context. These counters are incremented every time a
thread experiences a data cache miss and decremented when the data cache fill
occurs. If the counter of a thread is zero this thread will belong to the Normal
group, otherwise it will belong to the Dmiss one.

Tn Section 3.5.4 dwarn is evaluated for an 1.X fetch mechanism
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3.5.3 Performance evaluation

In this section we compare the efficiency of dwarn with the flush [63], stall [63], dg
[20], and pdg [20] policies. Before showing our results, we discuss several important
issues about the implementation of the stall, flush, dg and pdg policies. Concerning
stall and flush, in [63] a load is supposed to miss in L2 when it spends more than 15
cycles in the memory hierarchy. We have experimented with different values for this
parameter and we found that 15 presents the best overall results for our baseline
architecture. Stall and flush have the following three additional properties: first, a
data TLB miss also triggers a stall (flush); second, a 2-cycle advance indication is
received when a load returns from memory; and third, this mechanism always keeps
one thread running. That is, if there is only one thread running, it is not stopped
even when it experiences an L2 miss.

About dg, we have experimented with the number of L1 missing loads that a
thread can experience before it is stalled: a low value can lead to over-stalling, a
high value causes that when there are few L1 misses these are not filtered. That
is, the thread they belong to is not stalled causing internal shared resources to be
clogged. The value n = 0, the same used in [20], presents the best overall results.

Throughput results

Figure 3.16(a) shows the absolute IPC values for the different policies and Figure
3.16(b) shows the throughput improvement of dwarn over each of the others policies.
It shows that dwarn outperforms all previous policies, except flush for the MEM
workloads. On average, dwarn outperforms icount by 18% and this improvement is
higher as the number of threads increases: when there are many threads running,
the pressure on shared resources is very high. Consequently, tolerating the latency of
LL1 misses causes a significant performance drop in the other threads. Dwarn reduces
the fetch priority of threads experiencing L1 misses alleviating this problem. Icount
does not act on an L1 miss and suffers a significant performance penalty.

Regarding dg, dwarn outperforms it for all workloads: 3% for the ILP, 8% for
the MIX and 9% for the MEM workloads. This improvement gradually decreases as
the number of threads increases. This is because as the number of threads increases,
competition for resources also increases and then it is more difficult for a thread to
allocate resources. The dg policy gates a thread on each L1 miss, so it sacrifices MEM
threads in order to give more resources to ILP threads. However, if the number of
threads is low, there are not enough ILP threads to use all these available resources.
This means that MEM threads are unnecessarily stopped. Even worse, for MEM
threads, less than 50% of L1 misses cause an L2 miss (recall the fourth column of
the Table 3.6(a)), hence the number of unnecessary stalls is higher. With the dwarn
policy no thread is stopped (for 4 or more threads), but a thread experiencing an
L2 miss is executed at a lower priority. In this way, if none of the available Normal
threads with higher priority can use the resources they are given to this thread.
Thus, resource-underutilization is reduced.
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Fig. 3.16: Throughput results

Regarding pdg, it suffers the same problems as dg, but, in addition, pdg presents
2 additional problems: the first is the predictor mistakes. If a predictor erroneously
indicates that a load will miss in the L1 cache and in fact the load does not, this
causes an additional unnecessary stop, degrading the performance of the thread. The
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second problem is the load serialization. Our results indicate that many cache misses
occur close in time. Hence, to stop on each missing load in the fetch stage causes
load serialization and loss of the available memory parallelism. Dwarn improves pdg
by 5% for the ILP, 13% for the MIX and 30% for the MEM workloads.

Regarding stall, dwarn improves it for all workloads. The improvements are of
2%, 6% and 7% for the ILP, MIX, and MEM workloads respectively.

Dwarn also outperforms flush, for the ILP and MIX workloads, by 3% and 6%
respectively, and only suffers a slowdown of 3% for the MEM workloads. The main
cause is that for the 6-MEM and 8-MEM workloads the pressure over resources is too
high, hence it is more preferable to free resources by flushing the delinquent threads
than to freeze resources by stalling these threads. However, this improvement of
3% achieved by flush comes at a high cost. First, dwarn does not require such
a complex hardware as flush, and second, it does not re-execute instructions. As
shown in Figure 3.17, the number of squashed instructions due to the flush policy
represents a significant percentage of the fetched instructions (35% for the MEM
workloads).
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Fig. 3.17: Extra Fetch caused by the flush policy

The problem of flush is that, like stall, it reacts too late, namely, when the
L2 miss has been detected, and in a drastic way by flushing all the instructions
after the load. The former problem implies that as long as the L2 miss is not
declared, instructions after the missing load compete for resources with instructions
of other threads that could contribute to final IPC, degrading performance. The
latter problem directly affects the thread being flushed, reducing its performance.
Dwarn acts earlier, when an L1 miss occurs, and in a controlled manner by reducing
the presumed delinquent thread’s priority. As a result, only when the remaining
threads are not able of using machine resources, these are given to the delinquent
thread and hence its performance is less affected.
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Table 3.7: Relative IPC of each thread in the 4-MIX workload

Relative IPCs
thread 1 | thread 2 | thread 3 | thread 4

Policy | (ILP) (ILP) (MEM) | (MEM) | Hmean
icount 0.36 0.41 0.50 0.79 0.47
stall 0.42 0.65 0.38 0.63 0.49
flush 0.41 0.64 0.34 0.59 0.46

dg 0.43 0.70 0.34 0.46 0.45
pdg 0.40 0.72 0.28 0.31 0.38
dwarn 0.44 0.69 0.43 0.70 0.53

Harmonic Mean results

The second metric we have used is the Harmonic Mean (Hmean) [46]. The Hmean
metric attempts to avoid artificial improvements achieved by giving more resources

to threads with high ILP.

Figure 3.18 depicts the Hmean improvement of dwarn policy over the other
policies. Average results indicate that dwarn improves all other policies for ILP,
MIX and MEM workloads, only suffering a slowdown of 2% respect to flush. Let
us illustrate why dwarn outperforms all previous policies by an example. Table 3.7
shows the relative IPC of each thread in the 4-MIX workload for all policies. The
second and the third columns indicate the relative IPC of the two ILP threads in
the workload. Likewise, the two following columns indicate the relative IPC of the
two MEM threads. The point is that dwarn achieves an IPC for the ILP threads
that is as high as the one obtained by the other policies, but it does not significantly
affect the IPC of the MEM threads as the other policies do. The reason for this is
that dwarn never stalls or squashes threads even when they are in the Dmiss group
for four or more threads. As a result, if there are available resources and the Normal
threads cannot use them, these resources are given to the Dmiss threads. Regarding
icount, we observe that icount achieves the highest result for the MEM threads, but
it heavily degrades the performance of the ILP threads.

Concluding, the dwarn policy presents the best balance between achieving high
IPC for the ILP threads and harming as little as possible the IPC of MEM threads.
As a result, on average, dwarn achieves better Hmean results than the other policies
for all types of workloads. It only experiences a slowdown of 2% with respect to
flush for the MEM workloads. However, as we saw in Figure 3.17, flush achieves
this is at the cost of increasing the number of fetched instruction by 35%.

We have seen that depending on the number of running threads, workloads
present very different properties. When there are few threads, reducing priority is
not enough to avoid Dmiss threads from using shared resources for a long time. This
is because thread level parallelism is low and Normal threads do not use all the fetch
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bandwidth. When there are 6 and 8 threads, the pressure on resources is very high
and hence the competition for them is high too. A general purpose I-fetch policy
must be aware of the number of executing threads to better adapt to the properties
of each workload. Overall results show that our hybrid mechanism, which combines
the gate and the reduce priority RAs when there are two threads running, and uses

the reduce priority RA in the remaining cases, outperforms all previous proposed
instruction fetch policies.
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Fig. 3.18: Hmean improvement of dwarn over the other policies

3.5.4 DWarn on different architectures

The time needed to determine whether a load has caused an L1 data cache miss or
an L2 miss are two key factors in the previous policies. Another important factor is
the number of threads that can fetch instructions into the processor each cycle. In
this section, we experiment with two variants of the original architecture in order
to analyze the effect of these factors.

The first architecture represents a less aggressive processor than presented in
Table 3.4. This is a 4-wide, 4-context processor with an 1.4 fetch mechanism. There
are 256 physical registers and 3 integer, 2 floating point, and 2 load /store functional
units. In this architecture, we can fetch instructions only from one thread each cycle,
and hence, the Dmiss threads cannot fetch if there is at least one Normal thread. On
the one hand, it is beneficial because Dmiss threads can unlikely clog resources. On
the other hand, MEM threads are now more damaged. Figures 3.19 (a) and (b) show
the throughput and Hmean improvement of the dwarn policy over the other ones.
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Fig. 3.19: Dwarn improvement over the other policies (small architecture)

Hmean results show that for the MIX workloads dwarn is outperformed by icount,
by 5% on average. The main cause for this slowdown is that the MEM threads
are now heavily damaged. Regarding the other policies addressing the load miss
latency problem, dwarn clearly outperforms them in both throughput and Hmean.
The throughput improvements for the MIX and the MEM workloads are: 5% over
stall, 23% over dg, 10% over flush, and 40% over pdg. Hmean improvements for the
MIX and the MEM workloads are: 5% over stall, 28% over dg, 10% over flush, and
50% over pdg.

The second architecture represents a deeper and more aggressive processor than
presented in Table 3.4. This is a 16-stage-depth processor, with a 2.8 fetch mech-
anism, and 64-entry issue queues. The time to determine an L1 miss has been
incremented by 3 cycles, the latency from the L1 cache to the L2 from 10 to 15
cycles, and the memory latency has also been incremented to 200 cycles. Figures
3.20 (a) and (b) show the throughput and Hmean improvement of the dwarn pol-
icy over the other ones. As we see in the average results, dwarn throughput and
Hmean results indicate that it improves all other policies for all type of workloads,
except for the MEM where it suffers a slowdown of 6% with respect to flush. The
main cause for this high average slowdown is the 8-MEM workload. In that case,
there is an over-pressure on resources (our results show that the throughput for
the 4-MEM workload is almost the same than for the 6-, and the 8-MEM work-
loads), whereby flushing is much more effective than stalling threads. However, our
results (not shown here) show that this is at the cost of increasing the number of
fetched instructions due to flushes. This increment is 56% on average for the MEM
workloads.

3.5.5 Conclusions

The performance of an SMT processor directly depends on how the dynamic alloca-
tion of shared resources is done. The instruction fetch policy dynamically determines
how this allocation is carried out. To achieve high performance, the fetch policy
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Fig. 3.20: Dwarn improvement over the other policies (deep architecture)

must avoid the monopolization of a shared resource by any thread. An example of
this situation occurs when a load misses in the L2 cache level. Icount [64] reacts
too late and suffers significant performance degradations, in particular for 2-thread
workloads where this problem is most acute. In this case, flush [63] clearly outper-
forms icount. However, the problem of flush is that it does not prevent damage,
but drastically cures it once it has happened. Other policies [20] try to prevent this
damage by acting before the L2 miss occurs. Dg stalls threads on an L1 miss and
pdg on a predicted L1 miss in the fetch stage. However, when there are few threads,
these policies are too strict and cause resource under-utilization and an important
performance degradation.
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In this subsection, we have proposed a novel policy that deals with this problem
(dwarn). On average, dwarn throughput results show that it improves all other
policies for all types of workloads, especially for the MIX and MEM ones: 27%
over icount, 6% over stall, 2% over flush, 8% over dg and 22% over pdg. Dwarn
only suffers a loss of 3% with respect to flush for the MEM workloads. However,
this comes at the cost of increasing hardware complexity for these policies and the
number of fetched instructions (35% for memory bounded threads). Fairness results
show that dwarn clearly presents the best throughput-fairness balance, only suffering
a slowdown of 2% with respect to flush for the MEM workloads. The improvement
for the MIX and MEM workloads are: 13% over icount, 5% over stall, 3% over flush,
11% over dg and 36%over pdg. If we take into consideration all these results, dwarn
presents as a good solution to the problem of long latency loads for throughput,
fairness, complexity, and power.

3.6 Chapter summary

In this chapter we have presented two techniques with the objective of improving
the throughput and fairness in high-performance systems. We have compare our
proposals with the best instruction fetch policies published: flush, stall, data gating,
predictive data gating and 12mp.

e Flush++ adapts its behavior to the dynamic number of live “threads” available
to the fetch logic. Due to this additional level of adaptability, on average
flush++ improve all previous policies in throughput and fairness while achieves
a reduced extra fetch.

e Dwarn is not predictive and requires minimum hardware resources. It does
not flush instructions reducing overall processor complexity and wasted power.
Furthermore, dwarn adapts to pressure on resources better than the other
policies. If there are few running threads, it avoids resource under-utilization.
When the number of threads increases, reducing fetch priority is enough to
avoid Dmiss threads from holding resources for a long time.

The development of these two policies as well as the study of the previous fetch
policies were the first step to envisage the concept of explicit resource allocation,
which is addressed in more detail in the next chapter.
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CHAPTER 4

FROM IMPLICIT RESOURCE
ALLOCATION TO EXPLICIT
RESOURCE ALLOCATION

In this chapter we explain our concept of explicit resource allocation. We start
explaining the need of explicitly managing resource allocation in SMT processors.
Next, we explain how explicit resource allocation improves throughput/fairness of
SMTs. Finally, we explain how the explicit resource allocation enables the concept
of quality of service in SMTs.

4.1 Introduction

In current SMT processors, threads are executed in a common resource pool and
are allowed to freely compete for resources. The instruction fetch policy determines
how this competition is carried out: each clock cycle, it chooses which threads can
enter the processor and are the first ones to get the opportunity of using available
resources. However, current fetch policies do not exercise direct control over how re-
sources are distributed among threads. They use only indirect indicators of potential
resource abuse by a given thread, like data L1 cache misses. We call this resource
management indirect control of shared resources or implicit resource allocation.

The implicit use of resources causes a two-fold problem: throughput/fairness
degradation and lack of predictability.

e Throughput and fairness degradation: because no direct control over shared
resources is exercised, it is still possible that a thread allocates most of the
processor resources, causing other threads to stall. Also, to make things worse,
it is a common situation that the thread which has allocated most of the
resources will not release them for a long period of time, i.e., after a L2 cache
miss. There are fetch policies in the literature [20][43][63] that try to detect
this situation in order to prevent it by stalling the thread before it is too late,
or even to correct the situation by squashing the offending thread to make its
resources available to other threads, with varying degrees of success. The main
problem of these policies is that in their attempt to prevent resource mono-
polization they may introduce resource under-use, because they are preventing
a thread from using a set of resources that no other thread requires.



5 - Chapter 4. From Implicit Resource Allocation to Explicit Resource Allocation

e Lack of predictability: as we mentioned before, it is the instruction fetch policy
that decides from which threads instructions are brought into the processor. In
this sense, the fetch policy acts like a hardware scheduler that works indepen-
dently from the software scheduler inside the Operating System. This means
that the OS level scheduler can have negative interference with the hardware
scheduler inside the processor. Once instructions are inside, they are assigned
resources blindly.

Thus, in order to exploit the available resources in an SMT processor maximally,
implicit resource allocation by means of the instruction fetch policy is not adequate
and a more explicit resource allocation scheme is required. In the next two sec-
tions, we analyze how explicit resource allocation could alleviate the degradation
of throughput and fairness (section 4.2) and achieve predictability in SMT systems
(section 4.3).

4.2 Increasing throughput and fairness

The performance of an SMT processor can significantly be improved if a direct
control on resource allocation is exercised. At any given time, threads must be
forced to use a limited amount of resources. Otherwise, they could monopolize
shared resources. In order to control the amount of resources given to each thread,
we introduce the concept of resource allocation policy. A resource allocation policy
controls the fetch slots, as instruction fetch policies do, but in addition it exercises
a direct control over other critical shared resources. This direct control allows a
better use of resources, reducing resource under-utilization.

A key point for a resource allocation policy is that every program has different
resource demands. Moreover, most programs go through different behavior patterns
during their execution. In each pattern, resource demands of a program may vary
drastically. In order to provide better results, a resource allocation policy must take
into account these phases and thus the different resource demands of threads.

Figure 4.1 shows a diagram of how a resource allocation policy could work. The
first step is to classify threads into groups. In this classification, threads in the same
phase, and thus with similar resource requirements, are placed in the same group.
The second step is to allocate resources to threads based on resource availability
and the classification previously made. In the following two subsections we describe
these phases in more detail.

Thread classification

The first task for a resource allocation policy is to classify threads so that threads
in each group have similar resource requirements. The objective is to provide in-
formation to the resource allocation mechanism on the demand of resources. It is
important to note that this classification is not done for the entire lifetime of threads.
Instead, it is dynamic and identifies the dynamic changes in resource requirements.
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Fig. 4.1: Main tasks of a resource allocation policy

In order to carry out this classification we use indicators. An indicator is an event
that provides information on the future use of resources that a thread will make. In
this study we use only cache behavior of threads as indicator. After having explored
several possibilities, we classify threads using .1 data cache misses as an indicator
of cache behavior. Our classification mechanism classifies threads in two groups,
fast or slow.

e The slow group. Threads with pending .1 data misses are classified in the slow
group, because they may allocate many resources for a long period of time:
when a thread experiences a cache miss, it runs much slower than it could
and it holds resources that will not be released for a potentially long time.
Until the missing load is committed, each instruction holds a reorder buffer
(ROB) entry and, mostly a physical register. Also, all instructions depending
on the missing load hold an instruction queue (IQ) entry without making any
progress as long as the offending load is not resolved.

e The fast group. Threads with no pending L1 data cache misses are classified
in the fast group, because they are able to run using a small set of resources
that are rapidly re-used. That is, fast threads are able to exploit ILP with few
resources. It is noted that they still require IQ entries and physical registers,
but they release these resources shortly after allocating them, so they are able
to run on a reduced set of resources.

Please note the allocation mechanism uses this classification to make the final
resource distribution among threads.

Resource allocation

The second task of a resource allocation policy is to allocate resources to threads.
The main objectives of this allocation are two:

e First, to avoid resource monopolization. This is achieved by enforcing hard
limits in the use of shared resources. Any thread that uses more resources
than assigned to it, is fetch stalled.

e Second, reduce resource under-use. This is achieved by giving more resources
to threads in slow phases that have higher resource demands, as long as it does
not affect threads in fast phases.
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Resources are allocated to threads depending on how many fast and slow threads
there are. In this section, we only study the case in which there are two threads,
and hence, there are 4 possible combinations.

e When both threads are in the same phase (fast, fast) or (slow, slow), our policy
assumes that they have the same resource demands. Hence, it evenly divides
resources to threads.

e When there is one thread in each group, (fast, slow) and (slow, fast), we know
that the thread in the slow phase has more resource demands than the one in
the fast phase. In this situation, our policy gives more resources to the thread
in the slow phase. For example, this thread could be given 60% of shared
resources while the thread in the fast phase only may use the remainder 40%.

In short, our policy starts by assigning an equal share of each shared resource
when both threads have the same type. Next, when each thread is of a different
type, the thread in an fast phase shares part of its resources with the other thread.
This way, the thread in a slow phase is assigned its equal share and also may borrow
some additional resources from a thread which can run without them. We have
experimented with different values for the amount of resources the thread in the
slow phase can borrow from the fast one. In our simulations we have varied this
amount from 50% to 87.5% with an step of 12.5%, for both the IQs and the registers,
as it is shown in Table 4.1.

Table 4.1: Resource allocation used

| Program Phase | Resource allocation(%) |
| Thread 0 | Thread 1 | Thread 0 | Thread 1 |
fast fast 50 50
slow slow 50 50
50 50
slow fast 62.5 37.5
75 25
87.5 12.5
50 50
fast slow 37.5 62.5
25 75
12.5 87.5

4.2.1 Resource allocation policies vs. instruction fetch policies

The main differences between a resource allocation (RAlloc) policy and an instruc-
tion fetch policy focus on two points: the response action and the input information
involved.
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e The input information is the information used by the policy to take decisions
about resource assignment. Usually, this information consists of indirect indi-
cators of resource use, like L1 data misses or L2 data misses.

e The response action is the behavior of a policy to control threads. For example,
this response action could be to fetch stall a thread.

I-fetch policies just directly control the fetch bandwidth. All I-fetch policies we
have seen stall the fetch of threads. Flush, in addition, squashes all instructions
of the offending thread after a missing load. As input information, I-fetch policies
use indirect indicators, like L1 misses or L2 misses. Table 4.2 shows the input
information and response actions of the fetch policies presented in Section 2. In this
table, ‘issue delay’ means that the policy detects that a load spends more time in
the cache hierarchy than needed to access the L2 data cache.

Table 4.2: Resource actions and input information of fetch policies

I-Fetch Input In- Response

policy formation Action

stall issue delay stall fetch

flush issue delay stall fetch and

squash pipeline

dg L1 data misses stall fetch

pdg L1 data misses and | stall fetch
predicted misses

A RAlloc policy controls fetch bandwidth, as I-fetch policies do. As shown in [64],
the fetch bandwidth is a key parameter for SMT processors. Hence, the control of
this resource is absolutely required. In addition, an RAlloc policy controls all shared
resources in an SMT processor, since the monopolization of any of these resources
causes a stall of the entire pipeline. As input information, RAlloc policies uses
indirect indicators but, in addition, information about the demand and availability
of resources. The more accurate the information, the better the resource allocation.

The key point is that I-fetch policies are not aware of the resource needs of
threads. They just assume that resource abuse happens when an indirect indicator
is activated. That is, indicators are perceived as abuse indicators and, as a con-
sequence, when any of them is activated the I-fetch policy immediately stalls or
flushes threads (see Figure 4.2.1 (a)). An RAlloc policy, see Figure 4.2.1 (b), per-
ceives indirect indicators as information on resource demand. As a consequence, it
does not immediately take measures on threads experiencing cache misses. Instead,
it computes the overall demand as well as the availability of resources. Then, it
splits shared resources and fetch bandwidth among threads based on this informa-
tion. Notice that the objective of our policy is to help, if possible, threads in slow
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Fig. 4.2: Schema of I-Fetch and RAlloc policies

phases, i.e., those threads experiencing cache misses. In contrast, previously pro-
posed fetch policies proceed the other way around by stalling/flushing those threads
experiencing cache misses.

4.2.2 Methodology

Table 4.3 shows the main parameters of the simulated processor. This processor
configuration represents a standard and fair configuration according to state-of-the-
art papers in SMT. In our simulated processor both the IQs and the physical registers
are shared among threads, while each thread has its own ROB.

Programs are divided into two groups based on their cache behavior as in previ-
ous chapters. It is vital to differentiate between program types and program phases.
The program type concerns the L2 miss rate. Obviously, a MEM program experi-
ences many slow phases, more than an ILP program. However, ILP programs also
experience slow phases and MEM programs fast phases.

The properties of a workload depend on the number of threads in that work-
load and the memory behavior of the individual threads. In order to make a fair
comparison of our policy we distinguish three types of workloads: ILP, MEM and
MIX. ILP workloads only contain high ILP threads, MEM workloads only contain
memory-bounded threads (threads with a high L2 miss rate), and MIX workloads
contain a mixture of both. In this section, we consider workloads with only 2 threads
like the Pentium 4 [47] or the Power 5 [36].

We have used the workloads shown in Table 4.4. We have built 8 different
workloads for each group in order to avoid that our results are biased toward a
specific set of threads. Benchmarks in each group have been selected randomly. In
the next section we show the average results of the 8 workloads in each group.
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Table 4.3: Baseline configuration

| Processor Configuration

Pipeline depth 12 stages
Fetch/Issue/Commit Width 8
Issue Queue Entries 32 int, 32 fp, 32 1d/st
Execution Units 6 int, 3 fp, 4 1d/st
Physical Registers 256 integer, 256 fp
ROB size (each thread) 256
| Branch Prediction Configuration
Branch Predictor 16K entries gshare
Branch Target Buffer 256-entry, 4-way associative
RAS 256 entries
| Memory Configuration |
Icache, Dcache 64 Kbytes, 2-way, 8-bank, 64-
byte lines, 1 cycle access
L2 cache 512 Kbytes, 8-way, 8-bank,
64-byte lines, 10 cycle access
Main memory latency 100 cycles
TLB miss penalty 160 cycles

Table 4.4: Workload classification based on cache behavior of threads.

| | Workload type |

| number | ILP | MEM | MIX |
1 gzip, bzip2 twolf, vpr eon, twolf
2 eon, gap mcf, parser bzip2, vpr
3 gce, vortex twolf, mcf crafty, mcf
4 fma3d, apsi lucas, equake | wupwise, art
5 wupwise, galgel | art, swim lucas, galgel
6 crafty, mesa twolf, swim gap, art
7 perlbmk, mgrid | twolf, equake | wupwise, parser
8 bzip2, apsi mcf, art gzip, swim
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4.2.3 Performance evaluation

We compare our smartRA policy with some of the best proposed fetch policies
currently known: icount [64], stall[63], flush[63], dg[20] and pdg[20]. For clarity, we

only show the results of those policies that give better results for the setup examined
in this section: flush, icount, and dg.

Exploring different resource allocations

In this section, we explore the effect of the amount of shared resources given to
threads in slow phases when there is one thread in each phase. We vary this per-
centage from 50% to 87.5% in steps of 12.5%, for both the IQs and the registers.
That means that for the IQs we assign 16, 20, 24 and 28 entries, respectively, to the

thread in a slow phase. Likewise, we assign 96, 120, 144 and 168 rename registers
to such a thread.
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Fig. 4.3: Comparison of the different resource allocations for ILP and MEM workloads

Figure 4.3 shows the Hmean obtained for different resource divisions for ILP
and MEM workloads. As expected the variation is low. The difference between the
worst and the best IPC value is less than 16%. This is caused by the fact that for
these workloads, most of time both threads are of the same type, either slow or fast.
As a result, most of the time resources are evenly divided over the threads.

In the case of MIX workloads, the situation where there is a thread in each group
is much more frequent. Hence, the difference between the best and the worst value
is higher. Figure 4.4 shows the Hmean results for each of the 8 MIX workloads for
all resource allocations. We see that there is not a single resource allocation that



57

Increasing throughput and fairness  °

4.2.

AMIX_4

MIX_1 EMIX_2 BEMIX_3

05 G'/8 sbal
045G/ sbal
%G'Z9 sbal

050G sbau

queues 87.5%

9 G/ 8 sbal
045G/ Sbal
%G'Z9 sbal

060G Sbal

gqueues 75%

05 G/ 8 sbal
045G/ Sbau
04G'29 Sbal

050G Sbal

queues 62.5%

05 G'/8 sbal
045G/ sbal
04G'29 sbal

050G sbau

queues 50%

(a) Workloads from 1 to 4

#AMIX_8

N~
x
=
=
©
x
s
n
Lo}
x
=
O

% G/ 8 sbal
045G/ sbal
%G'Z9 sbal

0505 sbal

queues 87.5%

% G'/8 sbal
040G/ sbal
%G'Z9 sbau

%05 sbal

queues 75%

05 G' /8 sbal

045G/ sbal
%G 29 sbal

%05 sbal

queues 62.5%

% G/ 8 sbal
045G/ sbal
04G'29 sbal

950G sbal

queues 50%

(b) Workloads from 5 to 8

Fig. 4.4: Hmean results for all resource allocations for all MIX workloads



58 - Chapter 4. From Implicit Resource Allocation to Explicit Resource Allocation

leads to the best result for all workload types. Instead, each workload achieves the
best Hmean result with a different resource allocation. Tables 4.5(a) and 4.5(b) give
a deeper in-sight in this issue. These tables show for each workload type that 1Q
and register division that leads to the best Hmean result. For example, for the ILP1
workload the best Hmean result is achieved when the slow thread is allowed to use
50% of each issue queue and 75% of each register bank. Recall that these divisions
are applied when there is one thread in a slow phase and the other is in a fast phase.
If both threads are in the same phase resources are evenly split.

Table 4.5: Issue queue and physical register division that lead to the best Hmean results.

| | Workload type | | | Workload type |
| |ILP|MEM|MIX| | |ILP|MEM|MIX|
1|50 50 50 1|75 50 62.5
2 | 50 50 50 2|75 62.5 62.5
3| 50 50 50 3|75 62.5 50
4| 50 87.5 62.5 4|50 50 75
51| 50 87.5 75 51| 50 75 50
6 | 50 62.5 62.5 6 | 62.5 | 75 75
7| 50 62.5 50 71625 |75 62.5
8 | 87.5 | 87.5 50 8 | 87.5 | 62.5 50

(a) 1Q entries (b) Registers

This experiment with different static resource allocations shows the need of a
dynamic policy that for each particular workload selects a different resource alloca-
tion. We will assume that such a policy exists and would select in each case the best
resource allocation. This is our policy that we compare with the I-fetch policies. We
call our policy smartRA that stands for smart resource allocation.

In this initial study, we have used cache behavior as indicator. We really think
that these results can be improved by using other indicators. Moreover, if we could
make a different resource allocation for IQ type and register type, results can improve
even more.

Resource allocation vs. I-fetch policies

Tables 4.5(a) and 4.5(b) show the throughput results obtained using smartRA and
the I-fetch policies. We see that for ILP workloads the difference between the differ-
ent policies is small, with smartRA always improving the other ones. This is mainly
due to the fact that ILP threads rarely experience L2 misses. For the MIX and
MEM workloads, smartRA improves all other policies except flush for the MEM
workloads where it suffers a slowdown of 3%. As we will see this is because these I-
fetch policies favor threads in ILP phases over threads in MEM phases. On average,
smartRA improves flush by 1.6%, dg by 8.3%, and icount by 5.6% in throughput.
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Hmean results, see Figure 4.6, show that smartRA improves all other policies for
all workload types. This indicates that smartRA is fairer than the other policies.
This is caused by the fact that previously proposed policies favor ILP threads at
the cost of degrading MEM threads. SmartRA proceeds the other way around by
helping threads in slow phases as they do not harm the performance of threads in
ILP phases. As a result, smartRA improves flush by 7.3%, dg by 13.5% and icount
by 7.8%, on average in fairness.

20
18 |-{=PC
WICOUNT
16 |OFLUSH

smartRA hmean improvement (%
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Fig. 4.6: Hmean improvement of smartRA over various I-fetch policies

From the fetch policies, flush achieves the best results. On average, smartRA
improves flush by 2% in throughput and 7% in fairness. In addition to this, smartRA
has another advantage over flush: it does not require squashing instructions in the
pipeline. We have measured the amount of instructions that need to be re-fetched
when the flush policy is used, shown in Figure 4.7. In this figure, we are not taking
into account the flushed instructions due to branch mispredictions, but only those
related with loads missing in L2. We observe that for ILP workloads, this increase
is the smallest one, since ILP workloads contain threads with small L2 miss rate.
Nevertheless, the increase is significant, 12%. For the MIX workloads, it is almost
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50%. It is worth mentioning that for MEM workloads the increase is about 87%.
This means that the number of fetched instructions is almost duplicated, with the
energy and power costs it implies. Notice that, when a squash of the pipeline
is triggered, all squashed instructions have been fetched. In addition, some have
been already decoded, some already mapped, some already queued, some already
executed, etc., hence the wasted energy increases.
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Fig. 4.7: Increment in the number of fetched instructions when the flush policy is used

4.2.4 Conclusions

In current SMT processors resources are assigned to threads as determined by the
instruction fetch policy. However, the instruction fetch policy does not consciously
control how many resources are allocated to threads. As a consequence, current
policies cause both resource monopolization and resource under-utilization, wasting
performance and energy.

We have shown that in order to increase SMT performance direct control over
shared resources, and moreover, adapting the resource allocation to program phases,
and thus to program real resource demands, are required. The concept of resource
allocation policy has been introduced for the first time in order to provide such con-
trol. Our results show that there is not an optimal static resource allocation for all
workload types. On the contrary, each workload requires a different resource alloca-
tion, which makes evident the need of a dynamic policy, smartRA. After comparing
smartRA with three of the best published fetch policies, we have shown that it out-
performs all current designs, yielding processors with greater performance. Hmean
results show that smartRA improves flush by 7%, dg by 17% and icount by 11% on
average for ILP, MIX, and MEM workloads.

It is also remarkable that in order to get this performance improvement, smartRA
does not need to squash instructions in the pipeline, like flush. Hence, it reduces the
re-fetched instruction effort (up to 87% in MEM workloads) and then, also reduces
the dynamic power wasted and hardware complexity.
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4.3 Feasibility of QoS in SMT through explicit resource allocation

In an SMT, several threads are running together, sharing resources at the micro-
architectural level, in order to increase throughput. A fetch policy decides from
which threads instructions are fetched, thereby implicitly determining the way pro-
cessor resources, like rename registers, are allocated to the threads. However, with
current policies the performance of a thread in a workload is unpredictable since it
depends on the amount of resources given to that thread. This poses problems for
the suitability of SMT processors in the context of (soft) real-time systems.

The key issue is that in the traditional collaboration between OS and SMT, the
OS only assembles the workload while it is the processor that decides how to execute
this workload, implicitly by means of its fetch policy. Hence, part of the traditional
responsibility of the OS has “disappeared” into the processor. One consequence is
that the OS may not be able to guarantee time constraints even though the processor
has sufficient resources to do so. To deal with this situation, the OS should be able
to exercise more control over how threads are executed and how they share the
processor’s internal resources.

In this section, we discuss our philosophy behind a novel collaboration between
OS and SMT in which the SMT processor provides ‘levers’ through which the OS
can fine tune the internal operation of the processor to achieve certain requirements.
We want to reserve resources inside the SMT processor in order to guarantee certain
requirements for executing a workload. We show the feasibility of this approach by
a simple parameterized mechanism that assigns fetch slots and instruction and load
queue entries to a High Priority Thread. This, in turn, is a first step toward enabling
the OS to execute a thread at a given percentage of its full speed and thus enabling
the use of out-of-order, high performance SMT processor in real-time environments.

4.3.1 QOoS: A novel collaboration between OS and SMT

We approach OS/SMT collaboration as Quality of Service (QQoS) management. This
approach has been inspired by QoS in networks. In an SMT, resources can be
reserved for threads guaranteeing a required performance. We observe that on an
SMT processor, each thread reaches a certain percentage of the speed it would
achieve when running alone on the machine. Hence, for a given workload consisting
of N applications and a given instruction fetch policy, these fractions give rise to a
point in an N-dimensional space, called the QoS space. For example, Figure 4.8(a)
shows the QoS space for two threads, eon and twolf, as could be obtained for the
Pentium4 or the Power5. In this figure, both x- and y-axis span from 0 to 100%.
We have used two fetch policies: icount [64] and flush++ [13]. Theoretically it is
possible to reach any point in the shaded area below these points by judiciously
inserting empty fetch cycles. Hence, this shaded area is called the reachable part of
the space for the given fetch policies. In Figure 4.8(b), the dashed curve indicates
points that intuitively could be reached using some fetch and resource allocation
policy. Obviously, by assigning all fetch slots and resources to one thread, we reach
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Fig. 4.8: (a) QoS space for three fetch policies; (b) important QoS points and areas

100% of its full speed, that is, the speed it would reach when run alone. Conversely,
it is impossible to reach 100% of the speed of each application at the same time
since they have to share resources.

Each point or area (set of points) in the reachable subspace entails a number of
properties of the execution of the applications: maximum throughput; fairness; real-
time constraints; power requirements; a guarantee, say 70%, of the maximum IPC
for a given thread; any combination of the above, etc. In other words, each point or
area in the space represents a solution to a QoS requirement. It is the responsibility
of the OS to select a workload and a QoS requirement and it is the responsibility of
the processor to provide the levers to enable the OS to pose such requirements. To
implement such levers, we add mechanisms to control how these resources are actu-
ally shared. These mechanisms include prioritizing instruction fetch for particular
threads, reserving parts of the resources like instruction or load/store queue entries,
prioritizing issue, etc. The OS, knowing the needs of applications, can exploit these
levers to navigate through the QoS space.

In this section, we present a first step toward this goal by studying the behavior
of threads when a certain number of resources is reserved for a High Priority Thread
(HPT). We show that such a simple mechanism is already capable of influencing the
relative speed of threads considerably and hence can cover the QoS space to a great
extent.

4.3.2 QoS by resource allocation

We use a standard 4-context SMT configuration. There are 6 integer, 3 FP, and
4 load/store functional units and 32-entry integer, load/store and FP 1Qs. There
are 320 physical registers shared by all threads. Each thread has its own 256-entry
reorder buffer. We use a separate 32K, 4-way data and instruction caches and a
unified 512KB 8-way L2 cache. The latency from L2 to L1 is 10 cycles, and from
memory to L2 100 cycles. We consider 4 workloads in which the High Priority
Thread (HPT) is ILP or MB, and the Low Priority Thread (LPT) is ILP or MB.
The workloads are: gzip and bzip2 (ILP-ILP), gzip and twolf (ILP-MB), twolf
and bzip2 (MB-ILP), and twolf and vpr (MB-MB).
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Static resource allocation

We statically reserve 0, 4, 8, ..., 32 entries in the IQ and LSQ for the HPT. The
remaining entries are devoted to the LPT. Moreover, we prioritize the instruction
fetch and issue for the HPT: in each cycle, we first fetch/issue instructions from
the HPT. If there are fetch opportunities left, then instructions from the LPT are
fetched/issued. There are more resources in an SMT processor that are shared
between threads, most notably the rename registers and the L1 and L2 caches. We
have restricted attention to IQ) and LSQ entries because these shared resources most
directly determine which instructions from which thread are executed.

Results

We show the resulting QoS space for varying numbers of assigned resources in Fig-
ures 4.9(a) through 4.9(h). We also show the points obtained from the round robin
(RR), icount (IC), and flush fetch policies for comparison. We immediately observe
that our parameterized mechanism is capable of covering a large part of the reachable
space by tuning its parameter. In contrast, the points reached by the three standard
fetch policies show no coherent picture. For the ILP-ILP and MB-MB workloads,
they reach points that are quite close together. For the other workloads, there is
considerable difference and their relative position in the space changes. This shows
that standard fetch policies provide little control over the execution of threads.
Figure 4.9 shows the resulting IPC values as well. In the figures showing IPC we
also show IPC obtained from the standard policies icount and flush for comparison.

e ILP-ILP: both threads have a high throughput and do not occupy 1Qs for a
long time. As a result, reserving a number of these entries for the HPT and
moreover prioritizing its fetch, quickly produces a situation in which the HPT
dominates the processor and its speed comes close to its full speed. Entries
left, does not completely collapse. The total throughput is about the same as
for icount (except the cases of 0 and 32) which means that what we take from
one thread can successfully be used by the other.

e ILP-MB: when the LPT thread misses in the L2, it tends to occupy resources
for a long time which has an adverse effect on the speed of the other thread.
Therefore, reserving resources for the HPT that is ILP causes its speed to
sharply increase. As a result, the total throughput can be larger than for
tcount. Flush needs to re-fetch and re-issue all flushed instructions, degrading
its performance. The speed of the LPT does not degrade fast since it suffers
many L2 misses and thus cannot use many resources.

e MB-ILP: this case is the opposite to the previous one. Given that the total
throughput comes largely from the LPT that is ILP, when it is denied many
resources, its speed degrades fast and total throughput is degraded as well.
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e MB-MB: throughput shows a flat curve that is about the same as for the icount
and flush fetch policies as was the case for the ILP-ILP workload. Resources
taken from one thread can effectively used by the other thread.

We conclude that by controlling resource allocation we can navigate through the
QoS space and bias the execution of a workload to a prioritized thread. At the same
time, we still reach considerable throughput for the LPT. Hence, our proposal to
provide QoS in an SMT by means of resource allocation is a feasible approach.

4.3.3 Conclusions

We have approached the collaboration between OS and SMT as Quality of Service
management, where the SMT processor provides ‘levers’ through which the OS can
fine tune the internal operation of the processor in order to meet certain QoS require-
ments, expressed as points or areas in the QoS space. These levers are provided by
making an explicit resource allocation of most critical shared resources in the SMT.

4.4  Chapter summary

In this chapter we have made a study of the benefits of using explicit resource allo-
cation in SMT processors. We have shown, by evaluating two simple mechanisms,
that it is possible to increase the throughput of an SMT processor as well as to
influence to a great extend the execution of a thread in a workload, so that the OS
can reach a large part of the QoS space. These mechanisms are a first step toward
showing the benefits that explicit resource allocation have on SMT processors. In
next chapters, we explain more sophisticated mechanisms based on the concept of
explicit resource allocation.
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QOS FOR HIGH-PERFORMANCE
SYSTEMS WITH EXPLICIT
RESOURCE ALLOCATION

In this chapter we propose a mechanism whose main aim is to improve throughput
and fairness of SMT processors. Unlike, our first two methods proposed in Chapter 3,
this mechanism is based on the concept of explicit resource allocation.

5.1 Dcra

In current SMTs, resource distribution among threads is either static or fully dy-
namic. A static resource distribution (used, for example, in the Pentium 4 [47])
evenly splits the resources among the running threads. This ensures that no single
thread monopolizes the resources and that all threads are treated equally. This
scheme suffers the same problem as a superscalar processor: if any thread does not
fully use the allocated resources, these are wasted and do not contribute to per-
formance. Dynamic sharing of resources is accomplished by running all threads in
a common resource pool and allowing threads to freely compete for them. In a
dynamically shared environment, the fetch policy actually controls how resources
are shared. The fetch policy determines which threads can enter the processor to
get the opportunity of using available resources. However, current fetch policies do
not exercise direct control over how resources are distributed among threads, using
only indirect indicators of potential resource abuse by a given thread, like 1.2 cache
misses. Because no direct control over resources is exercised, it is still possible that
a thread will obtain most of the processor resources, causing other threads to stall.
Also, to make things worse, it is a common situation that the thread which has
been allocated most of the resources will not release them for a long period of time.
There have been fetch policies proposed [20][43] that try to detect this situation, in
order to prevent it by stalling the thread before it is too late, or even to correct the
situation by squashing the offending thread to make its resources available to other
threads [63], with varying degrees of success. The main problem of these policies is
that in their attempt to prevent resource monopolization, they introduce resource
under-use, because they can prevent a thread from using resources that no other
thread requires.
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In this section, we show that the performance of an SMT processor can signifi-
cantly be improved if a direct control of resource allocation is exercised. On the one
hand, at any given time, ‘resource hungry’ threads must be forced to use a limited
amount of resources. Otherwise, they could monopolize shared resources. On the
other hand, in order to allow ‘resource hungry’ threads to exploit ILP much better,
we should allow them to use as many resources as possible while these resources are
not required by the other threads. This is the trade-off addressed in this section.

In order to control the amount of resources given to each thread, we use the
concept of a resource allocation policy introduced in Chapter 4. This direct control
allows a better use of resources, reducing under-utilization. The main idea behind a
smart resource allocation policy is that each program has different resource demands.
Moreover, a given program has different resource demands during the course of its
execution. We show that the better we identify these demands and adapt resource
allocation to them, the higher the performance that the SMT processor obtains.

In this section, we propose such a resource allocation policy called Dynamically
Controlled Resource Allocation (dcra). Dera first classifies threads according to the
amount of resources they require. This classification provides dcra with a view of
the demand that threads have of each resource. Next, based on the previous clas-
sification, dcra determines how each resource should be distributed among threads.
Finally, each cycle dcra directly monitors resource usage, without relying entirely
on indirect indicators. Hence, it immediately detects that a thread is exceeding its
assigned allocation and stalls that thread until it no longer exceeds its allocation.
Our results show that our dcra policy outperforms a static resource allocation pol-
icy(sra) [26][47][50] and also the best dynamic resource-conscious fetch policies like
flush++ [13] in both throughput and fairness [46]. Throughput results show that
dera improves sra by 7% and flush++ by 1%, on average. Fairness results, using the
harmonic mean as a metric, indicate that dcra outperforms sra by 8% and flush++
by 4%, on average. Both results confirm that dcra achieves better throughput than
the other policies and, in addition it presents a better throughput-fairness balance.

5.1.1 The dcra policy

To perform an efficient resource allocation, it is necessary to take into account the
different execution phases of a thread. Most threads have different behavior patterns
during their execution: they alternate high ILP phases and memory-bounded phases
with few parallelism, and thus their resource needs change dynamically. We must
take into account this varying behavior in order to allocate resources where they
will be best used, and also to allocate resources where they are needed most.

Dcra first dynamically classifies threads based on the execution phase they are
in, high ILP or memory-bounded. Next, we determine which resources are being
used by each thread in the phase it is in. After that, dcra uses a sharing model to
allocate resources to threads based on the classification previously made. Finally,
the sharing model also ensures that threads do not exceed their allocated resources.
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Our model bases on the fact that threads without outstanding L2 misses require
fewer resources to exploit ILP than threads with L2 misses. Figure 5.1 shows the
average IPC as we vary the amount of resources given to SPEC 2000 benchmarks
when executed in single-thread mode and the data L1 cache is perfect !. For this
experiment we use 160 rename registers, 32-entry issue queues, and the remainder
parameters of our baseline configuration. For example, the point 25% for the integer
IQ shows the average IPC when benchmarks are allowed to use 25% of the integer
IQ and all other resources. In general we see that with few resources threads run
at almost the same speed than when they use all the resources of the machine (full
speed). We see that only with 37.5% of resources (12 I1Q entries and 60 physical
registers) threads run at approximately 90% of their full speed.

Our objective is to give additional resources to memory-bound threads as these
resources are clearly not needed by threads without outstanding cache misses. By
giving more resources to missing threads we obtain benefits as we give the out-of-
order mechanism more opportunity to overlap multiple L2 misses, increasing the
memory parallelism of the application without really harming the performance of
the remaining threads.

Thread classification

Dcra classifies threads based on how many resources they need to efficiently exploit
ILP depending on the phase of the thread. Moreover, each thread is classified
depending on which critical resources it actually uses and which resources it does not
need. The dcra classification is continuously re-evaluated to adapt to the changing
behavior of threads. Hence, it can dynamically adapt the resource allocation to the
specific needs of the running threads.

Dcra bases on the idea that resources for a thread will be allocated according to
both classifications, thread phase and critical resources needed. On the one hand,

Lthe average results for the FP registers and issue queue were obtained only from FP benchmarks
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threads in a memory-bounded phase with difficulties to exploit ILP will borrow
resources from faster threads. On the other hand, critical resources will only be
distributed among those threads which actually can use them.

Thread phase classification: it is important to note two points about the thread
classification made by dcra. First, we do not classify a thread for its entire lifetime:
we distinguish the different phases in a thread’s execution, adapting to the dynamic
changes in resource requirements. Second, our policy does not need to know the
exact amount of each resource that a thread needs. We only classify threads into
those requiring few resources to achieve high-performance, and those with higher
requirements, so that one thread group can temporarily give additional resources to
the other group.

We classify threads into two groups: the Fast group, and the Slow group. We
use cache behavior to determine in which group to place a thread. When a thread
experiences a cache miss, it runs much slower than it could and it holds resources that
will not be released for a potentially long time: until the missing load is committed,
each instruction holds a ROB entry and, many of them, a physical register. Also,
all instructions depending on the missing load hold an IQ entry without making any
progress as long as the offending load is not resolved. On the other hand, threads
which do not experience cache misses are able to exploit ILP with few resources.
Please, note that they still require IQ entries and physical registers, but they release
these resources shortly after allocating them, so they are able to run on a reduced
set of resources.

We classify threads based on L1 data cache misses. Threads with pending L1
data misses are classified in the slow group, because they may allocate resources
for a long period of time, and threads with no pending L1 data cache misses are
classified in the fast group, because they will be able to run on a rapidly cycling set
of resources.

Resource usage classification: given the classification described above, we could al-
ready distribute resources among threads taking into account which ones require
additional resources and which ones can do with less than their equal share. How-
ever, not all threads use every available resource in the processor during their entire
lifetime and assigning them resources of a type that is not required would effectively
be wasting these resources. For that reason, we also classify each thread as active
or inactive with regard to several processor resources. We proceed as follows: every
time a thread uses a given resource, it is classified as active for the following Y
cycles. If the thread did not use this resource after the assigned Y cycles, the thread
is classified as inactive until it uses that type of resource again.

If a thread is classified as inactive for a given resource, then we assume that
it does not compete for the resource and its share can be evenly split among the
remaining competing threads. In our setup this method is effective for the floating
point resources when a thread is in an integer computation phase. In other SMT



5.1. Dcra . 73

configurations using other types of resources, e.g., vector resources [21], this method
would also be effective. Note that the activity classification is associated to a specific
type of resource and that a thread can be active with respect to a certain resource
and inactive with respect to others.

The thread phase classification and the resource usage classification are orthog-
onal. Hence, for each resource we have 4 possible classifications for a thread: fast-
active (Fly), fast-inactive (Fy), slow-active (S4), and slow-inactive (S;). The main
characteristics of this classification are that inactive threads (X;) do not use their
share of a given resource and that slow threads (S, ) require more resources to exploit
ILP than fast threads (F}) do.

The sharing model

The sharing model determines how shared resources are distributed among threads.
A key point in any sharing model is to be aware of the requirements of each group
of threads: the more accurate the information, the better the sharing.

Our sharing model starts from the assumption that all threads receive an equal
share of each shared resource. On average, each thread gets F entries of each
resource, given in the equation (5.1), where R is the total number of entries of that
resource and 7" is the number of running threads.

E= ? (5.1)

Next, we take into account that slow threads require more resources than fast
threads. Hence, fast threads can share part of their resources with slow threads. This
way, slow threads are assigned their equal share and also borrow some additional
resources from those threads that can do without them. This introduces a sharing
factor, C, that determines the amount of resources that fast threads give to each
slow thread. The value of C' depends on the number of threads: if there are few
threads, then there is little pressure on resources and many resources are assigned
to each thread. Hence, fast threads have more resources to lend out. We have
tested several values for this sharing factor and C' = T+r4 gives the best results for
low memory latencies. With this sharing model, slow threads increase their share
with the resources given to them by fast threads. Hence each of the slow threads
is entitled to use at most Ejg,, entries, as shown in equation (5.2), where F' is the
number of fast threads.

Eiow = %(1 +COxF) (5.2)

At this point, our sharing model takes into account which threads require more
resources and which threads can give part of their share to these resource-hungry
threads. However, we still do not account for the fact that not all threads use every
type of resource in the processor. To account for this information, we use a separate
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Table 5.1: Pre-calculated resource allocation values for a 32-entry resource on a 4-thread processor.
F4 and S4 denote the number of fast and slow active threads respectively. C=1/T.

| entry || Fa | Sa || Esiow |

1 0 1 32
2 1 1 24
3 0 2 16
4 2 1 18
5 1 2 14
6 0 3 11
7 3 1 14
8 2 2 12
9 1 3 10
10 0 4 8

resource allocation for each type of resource and we take into account that threads
which are inactive for a certain resource (those in the S; and F; groups) can give
their entire share of that resource to the other threads. Hence, each active thread
has £ = FAfSA reserved entries of a resource, since inactive threads do not compete
for them. Moreover, we have to consider that fast active threads also share a part
of their resources with slow active threads, as determined by the sharing factor C,
which we re-define as C' = F; Hence, the number of entries that each slow

A A
active thread is entitled to use is re-defined as:

R
Fa+ 5S4

This final model distributes resources only among active threads, those actually
competing for them, and gives more resources to threads in the slow phases, taking
them from the threads in high ILP phases.

Example: assume a shared resource with 32 available entries in a processor that
runs 4 threads and a sharing factor C' = 1/T'. Table 5.1 shows the resource allocation
of slow active threads for all cases in this example situation. In case that all threads
are in a slow phase and active for that resource (table entry 10), they would receive
8 entries each. In case where 3 threads are in the fast group and 1 is in the slow
group, all active for the resource (table entry 7), the slow thread would be allocated
14 entries, leaving 18 entries for the fast threads. In case where 3 threads are in the
fast group (1 is inactive for the resource and 2 are active), and 1 is in the slow group
(table entry 4), the slow thread would be allocated 18 entries, and the fast active
threads would be left with 14 entries. The inactive fast thread does not allocate any
entries for this resource. The other entries are computed in the same way.

Egow = (14 C x Fy) (5.3)

Implementation of the allocation policy

Figure 5.2 shows the processor modifications required for a possible implementation
of our dynamic allocation policy. The modifications focus on two main points:
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Fig. 5.2: Possible implementation of our dynamic allocation policy

First, dera requires 8 counters per thread (7 resource usage counters and one
additional counter to track pending L1 data misses). Like icount, dcra tracks the
number of instructions in the IQs, but distinguishing each of the three 1Q types:
integer, fp, and load/store. Dcra also tracks physical registers (integer and fp)
and hence 2 more counters are required. As shown below, these two counters are
incremented in the decode stage and decremented when the instructions commit.
Hence, dcra does not affect the register file design. To detect inactive threads
we maintain an activity counter for each floating point resource: fp issue queue
and fp physical registers. Finally, like dg and pdg, dcra keeps track of L1 data
misses. The additional complexity required to introduce these counters depends on
the particular implementation, but we do not expect it to be more complex than
other hardware counters already present in most architectures. Resource usage
counters are incremented in the decode stage (indicated by (1) in Figure 5.2). Issue
queue usage counters are decremented when instructions are issued for execution (2).
Register usage counters are decremented when the instruction commits (3), hence
the file register is left unchanged. Pending cache miss counters are incremented
when new misses are detected (4), and decremented when misses are serviced (5).
The activity counter is initialized to 256%. This counter is decremented each cycle
if the thread does not allocate new entries of that type of resource, and reset to 256
if the thread requires that resource (6). If the counter reaches zero, we classify the
thread as inactive for that resource.

Second, concerning the sharing model, dcra also needs simple control logic to
implement this. This logic provides fixed, pre-computed calculations and hence it
does not need write logic. Each cycle the sharing model checks that the number of
allocated entries of slow active threads does not exceed the number that has been
assigned to them. If such a thread allocates more resources, it is fetch-stalled until

2We use several values for this parameter ranging from 64 to 8192 and this value gives the best
overall results.
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it releases some of the allocated resources. Otherwise, it is allowed to enter the
fetch stage and compete for resources. Recall that the fast-active threads are left
unrestricted, being allowed to allocate as many resources as the S, threads leave
them, and the inactive threads are not allocating any entry for that resource.

The sharing model may be implemented in two ways:

e Using a combinational circuit implementing Formula 3 (the final resource al-
location equation). The circuit receives as inputs the number of threads in
each active group (Fa,Sa), 6 bits in case of a 4-context SMT. It provides the
number of entries that each S4 threads is entitled to allocate.

e Alternatively, the sharing model could also be implemented with a direct-
mapped, read-only table indexed with the number of S, and F)4 threads. For
a 4-context processor, this table would have 10 entries. Changing the sharing
model would be as easy as loading new values in this table. This is convenient,
for example, when the memory latency changes.

Notice that we need two different circuits: one for the issue queues and one for
the physical registers.

5.1.2 Methodology

In Table 5.2 shows the main parameters of the simulated processor. This processor
configuration represents a standard and fair configuration according to state-of-the-
art papers in SMT.

We have fixed the number of physical register instead of the number of rename
register. We use a register file of 320 physical registers, which means that we have
160 = 320 — (32 x 4) rename registers when 4 threads are run, 224 when there are
3 threads, and 256 when there are 2 threads. On the other hand, in order to take
into account timing effects of the register file, we assume two-cycle accesses.

As in previous experiments, programs are divided into two groups based on their
cache behavior (see Table 2.2).

The properties of a workload depend on the number of threads in that workload
and the memory behavior of those threads. In order to make a fair comparison
of our policy, we distinguish three types of workloads: ILP, MEM, and MIX. ILP
workloads contain only high ILP threads, MEM workloads contain only memory-
bounded threads (threads with a high L2 miss rate), and MIX workloads contain
a mixture of both. We consider workloads with 2, 3, and 4 threads. We do not
include workloads with more than 4 threads because several studies [27, 31, 65] have
shown that for workloads with more than 4 contexts, performance saturates or even
degrades. This situation is counter productive because cache and branch predictor
conflicts counteract the additional ILP provided by the additional threads.

A complete study of all benchmarks is not feasible due to excessive simulation
time: all possible combinations of 2, 3 and 4 benchmarks give more than 10,000
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Table 5.2: Baseline configuration

| Processor Configuration

Pipeline depth
Fetch/Issue/Commit Width
Issue Queue Entries
Execution Units

12 stages
8
80 int, 80 fp, 80 1d/st

Dcra

Physical Registers
(shared)ROB size

6 int, 3 fp, 4 1d/st
352 integer, 352 fp
512 entries

Branch Prediction Configuration

RAS

Branch Predictor
Branch Target Buffer

256-entry,

16K entries gshare

256 entries

4-way associative

Memory Configuration |

Icache, Dcache
L2 cache

Main memory latency
TLB miss penalty

300 cycles
160 cycles

64 Kbytes, 2-way, 8-bank, 64-byte
lines, 1 cycle access

512 Kbytes, 8-way, 8-bank, 64-byte
lines, 20 cycle access

Table 5.3: Workload classification based on cache behavior of threads.

Number | Type Workload Workload
threads group 1 group 2
ILP gzip, bzip2 wupwise, gcc
2 MIX gzip, twolf wupwise, twolf
MEM | mcf, twolf art, vpr
ILP gce, eon, gap gce, apsi, gzip
3 MIX twolf, eon, vortex lucas, gap, apsi
MEM | mcf, twolf, vpr swim, twolf, equake
ILP gzip, bzip2, eon, gcc mesa, gzip, fma3d, bzip2
4 MIX gzip, twolf, bzip2, mcf | mcf, mesa, lucas, gzip
MEM | mcf, twolf, vpr, parser | art, twolf, equake, mcf
(a) First two workload groups.
Number | Type Workload Workload
threads group 3 group 4
ILP fma3d, mesa apsi, gcc
2 MIX lucas, crafty equake, bzip2
MEM | art, twolf swim, mcf
ILP crafty, perl, wupwise mesa, vortex, fma3d
3 MIX equake, perl, gcc mcf, apsi, fma3d
MEM | art, twolf, lucas equake, vpr, swim
ILP crafty, fma3d, apsi, vortex | apsi, gap, wupwise, perl
4 MIX | art, gap, twolf, crafty swim, fma3d, vpr, bzip2
MEM | equake, parser, mcf, lucas art, mcf, vpr, swim

workloads.

(b) Last two workload groups.

7

We have used the workloads shown in Table 5.3. Each workload is

identified by 2 parameters: the number of threads it contains and the type of these
threads (ILP, MIX, or MEM). Hence, we have 9 workload types. As can be seen
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in Table 5.3, we have built 4 different groups for each workload type in order to
avoid that our results are biased toward a specific set of threads. Benchmarks in
each group have been selected randomly. In the result section, we show the average
results of the four groups, e.g., the MEM2 result is the mean of the mcf+twolf,
art+vpr, art+twolf, and swim+mcf workloads.

5.1.3 Performance evaluation

We compare our dcra policy with some of the best fetch policies currently published:
icount [64], stall[63], flush[63], flush++[13], dg[20] and pdg[20]. Our results show
that for the setups examined in this section, flush++ outperforms both stall and
flush, and dg outperforms pdg. Hence, for brevity, we only show the results for
icount, flush++, and dg. We also compare dcra with a static resource allocation
that evenly distributes resources among threads.

Dynamic vs. static allocation

In this section, we compare dcra with a static model in which each thread is entitled
to use an equal share of resources. A recent study [50] quantifies the impact of
partitioning the IQs and other shared resources in an SMT processor. Regarding
the 1Qs, the authors reach two important conclusions. First, moving from a fully
shared 1Q to a evenly divided 1Q has a negligible impact on performance. Second,
they conclude that it is quite challenging to obtain significant benefits from a non-
uniform IQ allocation.

We agree that a non-uniform allocation of the IQs does not provide significant
benefits, but only if this is done without considering dynamic program behavior.
That is, if this is done in a fixed way for the entire execution of the program.
However, our dynamic sharing model provides a non-uniform issue queue allocation,
where resource allocation varies with program phases (programs with temporarily
more resource requirements are entitled to use some resources of threads with lower
requirements) and where threads not using a resource give their share to the other
running threads.

Figure 5.3 shows the improvement of our dynamic model over the static one. We
observe that our dynamic model outperforms the static model for all workloads: 7%
in throughput and 8% in fairness, on average.

We also observe that the improvements of the dynamic over the static model
are higher for the MIX workloads. In order to provide more insight in this issue,
Table 5.4 shows how often threads in 2-thread workloads are either in the same
phase or in different phases. The key point is that dcra is more effective than sra
when threads are in different phases, the most common case for the MIX workloads
(63% of the time). For ILP and MEM workloads, this situation is not so common,
see Table 5.4. However, dcra also is efficient for ILP and MEM workloads because
it also classifies threads according to resource usage.
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Table 5.4: Distribution of threads in phases for 2-thread workloads

WORKLOAD SLOW - SLOW | FAST-SLOW | FAST - FAST
TYPE SLOW-FAST
ILP 7.8 41.4 50.8
MIX 25.6 63.2 11.2
MEM 85.0 14.7 0.3

Dcra vs. |-fetch policies

In this subsection, we compare the dcra policy with icount, flush++, and dg.

Figure 5.4(a) shows the IPC throughput achieved by dcra and the other fetch
policies. We observe that dcra achieves higher throughput than any of the other
fetch policies for all workloads, except for flush++ in the MEM workloads. The
advantage of flush-++ over dcra is due to the fact that for the MEM workloads,
especially for the 4-MEM workloads, there is an overpressure on resources: there
is almost no throughput increase when going from the 3-MEM workloads to the 4-
MEM workloads. As a consequence of this high pressure on resources, it is preferable
to free resources after a missing load than try to help a thread experiencing cache
misses. On average, dcra improves icount by 24%, dg by 30%, and flush++ by 1%.

Regarding Hmean results, shown in Figure 5.4(b), dcra improves all other poli-
cies. On average, dcra improves flush++ by 4%, icount by 18% and dg by 41%.
Again, the flush++ policy performs better than dcra in the MEM workloads, for
the same reasons described above.

However, the slight performance advantage of flush4++ over dcra in the MEM
workloads comes at a high cost: every time a thread is flushed to reclaim its resources
for the other threads, instructions from the offending thread must be fetched, de-
coded, renamed, and even sometimes executed again. We have measured this over-
head, and for 300 cycles of memory latency, flush++ fetches 108% more instructions
than dcra. That is a 2X increase in activity for the processor’s front-end.
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Fig. 5.4: Throughput/Hmean improvement of dcra over icount, flush4++, and dg.

The advantage of dcra over the other resource-conscious fetch policies is that
it allows the memory-bound thread to continue executing instructions with an in-
creased -but limited- resource share. This increased resource assignment allows the
thread to launch more load operations before stalling due to resource abuse, and in-
creases the memory parallelism of memory-bound applications while high ILP ones
do not suffer much (as shown in Figure 5.1). We have measured the increase in the
number of overlapping L2 misses while using dcra compared to using flush++, and
we have found an average increase of 18% in the memory parallelism of the work-
loads (22% increase in ILP workloads, 32% in MIX workloads, and 0.5% in MEM
workloads).

Further analysis of the MEM workloads shows that dcra is adversely affected
by degenerate cases like mcf. Our results show a 31% increase in the number of
overlapping misses for mcf, however, this increase is hardly visible in the overall
processor performance due to the extremely low baseline performance, and comes at
the expense of slightly decreased performance of other threads. That explains why
flush++ handles mcf better than dcra, giving it the advantage in MEM workloads.
Future work will try to detect these degenerate cases in which assigning more re-
sources to a thread does not contribute at all to increased overall results or results
in overall performance degradation.

Sensitivity to resources

In this section, we show how the improvement of dcra over other alternatives depends
on the amount in resources of the processor. It seems obvious that if we increase the
amount of resources, sharing them among threads should be an easier task, as we
diminish the risk that threads starve for lack of resources. However, we show that
long latency events (such as L2 cache misses) can still cause resource monopolization
by a single thread, regardless of the amount of resources available.

Register file: Figure 5.5 shows the average performance improvement of dcra over
icount, flush++, dg, and sra, as we change the number of physical registers from 320
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Fig. 5.5: Dcra Hmean improvement over other mechanisms as we change the register pool size.

to 384 entries. For this experiment, we have used 80-entry queues and a memory
latency of 300 cycles.

We see that as we increase resources, the performance advantage of dcra over sra
and icount diminishes since each thread receives more resources and the possibilities
for starvation are reduced.

Regarding dg, we observe that as we increase the amount of resources, the ad-
vantage of dcra also increases. This is caused by the fact that as we increase the
size of the register pool, stalling threads on every L1 miss leads to a higher resource
under-use. The comparison with flush++ indicates a similar result: the objective of
flush++ is to make resources available to other threads after a missing load. While
these deallocated resources may be necessary when there are few register, they be-
come less important when the amount of resources is increased. We conclude that
as we increase the register file size, the amount of resource under-use introduced by
flush++ also increases, making dcra a better option.

Issue queues: Figure 5.6 shows the average Hmean improvement of dcra over the
other design alternatives icount, flush++, dg, and sra, as we increase the number of
issue queue entries from 32 to 80 entries. For this experiment, we use 320 physical
registers and a memory latency of 200 cycles. We can see that for all policies the
trend is the same than for the register file.

Memory latency: As we have seen in this section, memory-bounded threads require
many resources to exploit ILP and will not release them for a long time. We now
examine how the memory latency has an impact on the performance of dcra and
the other policies considered.

Figure 5.7 shows the average performance improvement of dcra over the other
policies as we change the change the memory latency from 100 to 300, and 500 cycles
and the L2 latency from 10 to 20, and 25 cycles. For this experiment, we use 352
physical registers and 80-entry queues. Note that as latency increases we must be
less aggressive sharing resources to SLOW threads as they retain these resources for
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Fig. 5.7: Hmean improvement of dcra over other mechanisms as we change the memory latency.

longer time. In order to take into account this fact we use a different sharing factor,
C, for each latency. For the 100-cycle latency the best results are obtained when
C = 1/T. For a latency of 300 cycles when C=1/(T+4). Finally for the 500-cycle
latency we use a sharing factor C' = 0 for the IQs and C' = 1/(T+4) for the registers.

We observe that both dcra and sra suffer a similar penalty as the memory la-
tency increases, but that both policies are still safe against the problem of resource
monopolization. However, dcra slightly increases its performance advantage due to
its ability to dynamically move resources from threads which can do without them
to threads which really can put them to use.

The results for icount show that it suffers a high performance penalty as the
memory latency increases, as it is the only policy that does not take into account
the memory behavior of threads. With increasing memory latencies, the problem
of resource monopolization becomes even more severe, as the resources will not be
available to others for even longer periods of time.

Dcra also improves its performance compared to dg when the memory latency
increases. Flush++ is the only policy which reduces the performance advantage of
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dcra as the latency increases. Given that flush++ actually deallocates the resources
of a thread missing in L2 and makes them available again to the remaining threads,
it is able to use resources more effectively as they are allocated on-demand. The
threads which did not miss in cache can use all the processor resources to exploit
ILP. As much as dcra prevents resource monopolization, the resources allocated by
a missing thread are still not available to the other threads.

However, as we mentioned before, this increased flexibility in resource allocation
comes at the cost of significant increases in the front-end activity. Instructions
from the flushed thread have to be fetched, decoded, renamed, and in some cases
re-executed after the missing load is resolved. Our measurements indicate a 108%
increase in front-end activity for 300 cycles of memory latency, and a 118% increase
for 500 cycles. If we account for the 2X increase in front-end activity and the
negative effect of degenerate cases like mef on dera performance (which we expect
to fix in future work), we believe that dcra offers a better alternative than flush++.

From these results, we conclude that dcra offers improved throughput and fair-
ness balance for moderately sized processors. Moreover, as we increase the amount
of available resources and the memory latency, which is currently happening in high
performance processors, the importance of correctly managing resources increases,
making dcra an even better alternative for future SMT designs.

5.1.4 Conclusions

The design target of an SMT processor determines how shared resources should be
shared. If a fair treatment of all threads is required, then a static partitioning of
resources is an attractive design choice. If IPC throughput is to be valued above
all else, a dynamic partitioning of resources where all threads compete for a pool
of shared resources is required. Current dynamically partitioned designs depend on
the fetch policy for resource allocation. However, the fetch policy does not directly
control how many resources are allocated to a thread and current policies can cause
both resource monopolization and resource under-use. Both situations may degrade
the performance of the processor.

We have proposed to use a direct resource allocation policy, instead of fully re-
lying on the fetch policy to determine how critical resources are shared between
threads. Our dynamic resource allocation technique is based on a dynamic classi-
fication of threads. We identify which threads are competing for a given resource
and which threads should be able to give part of their resources to other threads
without damaging performance. Our technique continuously distributes resources
taking these classifications into account and directly ensures that no resource-hungry
thread exceeds its rightful allocation.

Our results show that dcra outperforms both static resource allocation and pre-
viously proposed fetch policies for all evaluated workloads. Throughput results show
that dcra improves sra by 8%, icount by 24%, dg by 30%, and flush++ by 1%, on
average. The average Hmean improvement of dcra is 7% over sra, 18% over icount,
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41% over dg, and 4% over flush++. These results confirm that dera does not obtain
the ILP boost by unfairly preferring high ILP threads over slower memory-bounded
threads. On the contrary, it presents a better throughput-fairness balance. Sum-
marizing, we propose a dynamic resource allocation policy that obtains a better
throughput-fairness balance than previously proposed policies, making it an ideal
design point for both throughput and fairness oriented SMT designs.

5.2  Chapter summary

In this chapter we have proposed a resource allocation policy, dcra, which uses the
concept of explicit resource allocation to improve performance. We would like to
emphasize that dcra is just an example of resource allocation policy. Depending on
the particular hardware resources of the processor under consideration this policy
should be changed. Even though, new proposals will be based on the concept of
explicit resource allocation.
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CHAPTER 6
QOS FOR REAL-TIME SYSTEMS

In this chapter we propose a new mechanism needed in order to enable SMTs to
be used in real-time environments. This mechanism involves changes in both the
SMT hardware and the real-time OS job-scheduler. We start by analyzing the
requirements that a real-time system can request from an SMT processor. After
that, we analyze how previous work has dealt with these requirements. Finally, we
present two proposals to deal with these requirements.

6.1 Introduction

Real-time systems, especially real-time embedded systems, have specific constraints
and characteristics, such as time constraints, low-power requirements, and severe
cost limitations, that differentiate them from high-performance systems. Proces-
sors for embedded systems typically are simple, with short pipelines and in-order
execution. When they are used for real-time applications, they also lack unpre-
dictable components, such as caches and branch predictors. These bare processors
provide predictable performance, and hence they can guarantee worst-case execution
times of real-time applications. However, embedded systems must host increasingly
complex applications and have increasingly higher data throughput rates. To meet
these growing demands, future embedded processors will resemble current high-
performance processors. For example, the new Philips TriMedia already has a deep
pipeline, L1 and L2 caches, and branch predictors [28]. But because of their unpre-
dictable components, such processors have unpredictable execution times, so they
are difficult to use in real-time applications. Usually embedded processors are re-
quired to be low in cost, hence obtaining as much performance as possible from
each resource is desirable. A viable option is an SMT processor, which shares many
resources between several threads for a good cost-performance tradeoff [41].
Resource sharing approaches like SMTs allow threads to share the cache hierar-
chy, which reduces their energy requirements for executing applications: the fraction
of the area devoted to caches grows in every new processor generation, mainly due
to the L2 cache. Thus, even though low leakage transistors are used for caches,
their large area makes them to be the one of the leakiest structures in the chip.
Some authors indicate that this leakage will represent more than 50% of all the
leakage of the processor [42]. Other authors show that static consumption grows
faster than the dynamic comsumption, achieving up to 40-50% of the processor
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consumption [24][30][69]. Hence, the L2 cache could consume 25% of the total pro-
cessor consumption. Thus, sharing the L2 cache among applications, as SMTs do,
alleviates this overhead, reducing the power required to execute applications.

Other resource sharing approaches include multiprocessors, which share only the
higher levels of the memory hierarchy. The main point in multiprocessors is that
different threads are assigned to separate processors, hence their performance is
more predictable. However, multiprocessors share few resources between threads,
and hence their cost-performance ratio is worse than that of SMTs.

Also, in a limited form of SMT, different threads share only a few resources, typ-
ically the instruction and data caches and the functional units, but each thread has
its own instruction pipeline. An example is the Meta processor [41]. This solution
has better performance predictability for the individual threads but may under-
use many resources, thus reducing total throughput. Hence, the cost-performance
tradeoff is worse than that of a full-fledged SMT.

Despite these advantages of SMT processors there are two main reasons that
make the use of SMTs in real-time systems difficult.

e First, in the traditional collaboration between the OS and the SMT, the OS
only assembles the workload, whereas the processor decides how to execute this
workload. Hence, part of the OS’s traditional responsibility has “disappeared”
into the processor. Consequently, the OS cannot guarantee time constraints
on the execution of a thread if that thread must run concurrently with other
threads, even though the processor has sufficient resources to run threads
concurrently. To handle this situation, the SMT processor should be able to
guarantee specific requirements set by the OS. This implies a tight interaction
between the OS and the processor, so that the OS can exercise more control
over how threads execute and how they share the processor’s internal resources.

e Second, current SMTs lack flexibility providing quality of service since they are
designed with the main objective of increasing throughput: the fetch policy of
the SMT decides how instructions are fetched from the threads, thereby im-
plicitly determining the way internal processor shared resources are allocated
to the threads.

QoS requirements such as throughput or fairness might be acceptable in many
systems. However, one can easily imagine situations where the OS may need to
impose additional requirements, i.e., the OS may require that a designated thread
runs at a minimum performance in order to meet some real-time constraints. In an
uniprocessor system, such a requirement could be achieved guaranteeing that over a
period of time, the designated thread would be allocated an amount of CPU time,
which proportional to the performance requested. However, this approach would
not be useful in an SMT. When the designated thread is running, it will typically
be sharing processor resources with other threads (if it was running on its own, it
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would clearly underutilize the SMT and defy the whole point about having SMTs).
As a result, the designated thread’s performance requirement cannot be guaranteed
because the fetch policy used for resource sharing would assign resources in order
to meet its own overall objectives rather than those of the OS. If it would serve its
purpose to allocate fewer resources to the designated thread, it would do so.

To deal with this situation, the OS should be able to exercise more control over
how threads are executed and how they share the processor’s internal resources. In
other words, the hardware should provide the OS with some kind of QoS that can
be used by the OS to better schedule jobs. Thus, if we want to be able to control the
speed of a particular thread on an SMT, both the traditional OS-level job scheduler
and current SMT approaches to resource sharing by means of Ifetch policies are no
longer adequate and a closer interaction is required.

In this chapter we present two different approaches that use the idea of explicit
resource allocation to solve this problem: Predictable Performance or PP (Section
6.3) and Low-Variability Performance or LVP (Section 6.4). The main characteris-
tics of both approaches are the following. PP achieves better results that LVP but
it is more complex to implement. In addition PP can be applied only if applications
under consideration have a number of characteristics that we discuss in more detail
in the following sections.

6.2 Related work

In [64] it is observed that the total throughput of an SMT processor is highly sensitive
to the instruction fetch policy. Other researchers have suggested policies to improve
the usage of SMT resources in cases where a thread is stalled as a result of a cache
miss or a mispredicted branch [13][20][43][57][63]. All these fetch policies try to
optimize total IPC and/or reduce energy consumption. They do not allow control
of how threads are executed to meet particular requirements, in contrast to the
approach adopted in this section.

To the best of our knowledge, there does not exist much work on real-time
constraints for SMT architectures.

Jain et al. [34] study soft real-time scheduling for SMT: they mainly focus on
how specific workloads can be assembled from a pool of tasks that is larger than the
number of available contexts. Therefore, they address the so-called co-scheduling
problem for SMT processors. This chapter concentrates on the resource sharing
problem. This problem consists in determining how internal resources of the proces-
sor should be allocated to a given workload in order to guarantee a certain quality
of service requirement. In [34], authors briefly discuss the resource sharing problem
as well. The authors propose a method to solve the problem of low predictability
of SMTs that profiles all possible combinations of tasks. By comparing the IPC of
a thread when it is executed in a given workload, I PCsy;r, with the IPC that the
thread achieves when it is run in isolation, I PCy.ne (full speed), the slowdown that
the thread suffers from being executed in a context is determined. This information
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is given as additional input to the scheduler so that the lack of predictability is
erased as it knows the IPC of each thread under all possible scenarios or workloads.
In addition, this information is used to increase performance since the scheduler
selects those scenarios that lead to the highest symbiosis among threads and thus
the highest performance. The main drawbacks of this solution are two. First, is
the prohibitively large number of profiles required. For a task set of K tasks and a
target processor of N contexts, we have to profile all ﬁlK)' possible combinations.
And second, we may not know beforehand which threads will execute.

A similar solution is proposed in [59]. Authors propose several OS level job
schedulers to enforce priorities. Mostly, these schedulers find co-schedules from a
pool of runnable jobs that is larger than the number of hardware contexts. Their
SOS policy runs jobs alone on the machine to determine their full speed, runs several
job mixes in order to determine the best mix that exhibits symbiosis, and finally
runs jobs alone in order to meet priorities. This approach may under-utilize the
machine resources since in many time frames jobs are running alone, in contrast to
our approach in which the mix almost always runs together. Next, they propose
an extension to the icount fetch policy by including handicap numbers that reflect
the priorities of the jobs. This approach suffers from the same shortcomings as
the standard icount policy, namely, that resource management is implicitly done by
the fetch policy. Therefore, running times of jobs are still hard to predict, rendering
this approach unsuited for real-time constraints. For example, high priority memory
bounded threads will clog the pipeline after L.2 misses, even more than is the case in
standard icount. We will show a real example of this situation in the next section.

Dorai and Yeung [18][19] propose transparent threads, which is a mechanism that
allows background threads to use resources that a foreground thread does not require
for running at almost full speed. Their proposal does not allow the foreground thread
to run at a given percentage of its full speed as is the case in our proposal. In a certain
sense, this work addresses the problem of job prioritization from the opposite side
as we do: whereas we propose mechanisms to assign resources to the High Priority
Thread in order to meet constraints, they propose mechanisms to utilize resources
by background threads that are left over by the foreground thread. Since they only
solve the problem of running a foreground thread at its full speed, their approach is
much less flexible than ours.

In [9], the authors propose an approach where the WCET is specified assuming
a virtual simple architecture (VISA). At execution time, a task is executed on the
actual processor. Intermediate virtual deadlines are established based on the VISA.
If, during execution, a task fails to meet its intermediate deadlines, the processor
is reconfigured to implement the VISA, bounding the execution time of the task.
If the actual processor is an SMT and a task fails to meet its intermediate dead-
lines, the SMT is switched to single-threaded mode, to ensure that tasks can meet
their deadlines. The authors conclude that fetch policies that attempt to maximize
throughput, like icount, should be “balanced” for minimum forward progress of real-
time tasks. This is precisely the target of our mechanisms: we ensure a minimum
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Fig. 6.1: OS/SMT collaboration

amount of resources for a given time-critical thread so that it meets its deadline
regardless of the other threads executed in its workload. Our approaches are or-
thogonal to the VISA framework: a time-critical thread is executed on the actual
SMT processor that provides the thread with a given percentage of resources. In
the event that the task does not meet its intermediate deadlines, instead of switch-
ing the processor to single-threaded mode, we can increase the amount of resources
given to it, so that the task meets its deadline and its overall performance does not
drop drastically.

6.3 Predictable Performance

In this section, we present novel architectural support for OSs on SMT processors
that enables a close interaction between both. This is used to guarantee that jobsin a
workload can achieve a certain performance requirement. As opposed to traditional
monolithic approaches where the OS has no control over the resource sharing of an
SMT architecture (see Figure 6.1(a)), our approach is based on a resource sharing
policy that is continuously adapted as it needs to take into account OS requirements
(see Figure 6.1(b)). The advantages of the proposed approach are two-fold.

First, the OS can control the execution of jobs at any given time. The OS selects
a workload consisting of several threads and indicates to the processor that certain
threads should be considered as Predictable Performance Threads (PPTs) and must
execute at a certain percentage of their full speed, that is, the speed that a thread
can achieve when it is run alone on the processor. We have experimented with up
to 2 PPTs using our mechanism. When 1 thread is required a given IPC, we obtain
successful results, with an error lower than 2%, for target percentages ranging from
10% to 80%. When there are 2 PPTs, we run both jobs exactly at the required
percentage for a broad range of percentages. For another broad range of required
percentages, our mechanism can realize the target for the thread with the highest
priority and give a close approximation of the required speed for the thread with
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the second highest priority. This degradation only arises when there are insufficient
number of resources inside the processor to realize both requirements together.

Second, we show that the remaining Unpredictable Performance Threads (UPTs)
can make good use of the resources that are not needed by the PPTs. As a result, our
prioritization mechanism not only maintains total throughput, but is in fact capable
of outperforming traditional fetch mechanisms in this respect. Thus, a resource
conscious scheduler, by using our resource allocation mechanism, can perform better
than a traditional OS job scheduler using a fetch policy as a single solution for all
cases. In fact, our mechanism achieves at least 90% of the performance of one of
the best currently known fetch policies for SMTs, like flush++ [13].

6.3.1 Problem statement

As illustrated in the introduction, the approaches currently employed for resource
sharing in SMTs, I-fetch policies, may disregard any target set by the OS. This is a
consequence of the additional level of scheduling decisions, introduced by resource
sharing inside the SMT, which has been largely examined independently of the more
traditional OS level co-scheduling phase.
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Fig. 6.2: IPC of gzip for different contexts and different fetch policies

In [9], the authors conclude that current fetch policies that attempt to maximize
throughput, like icount, should be “balanced” for minimum forward progress of
real-time tasks otherwise real-time tasks may miss their deadline. In Figure 6.2 we
show an example of how the performance of an application varies depending on the
workload it is executed in when it is run in an SMT. Figure 6.2 shows the IPC
of the gzip benchmark when it is run alone (full speed) and when it is run with
other threads using two different fetch policies, icount [64] and flush [63]. As we can
see, its IPC varies a lot, depending on the fetch policy as well as the nature of the
other threads running in the context. This is caused by the fact that management
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of resources (IQ entries, registers, FUs, etc.) is not explicit. This shows that the
current collaboration between the OS and the SMT hardware, in which the OS
has no control over the resource sharing of an SMT architecture, does not provide
control over the execution of applications.

To the best of our knowledge, only a few papers have identified the need for a
closer interaction between SMT co-scheduling and resource sharing algorithms in
order to force priorities.

In [59], an extension to the icount fetch policy is proposed by including handi-
cap numbers that reflect the priorities of jobs. This approach suffers from the same
shortcomings as the standard icount policy, namely, that resource management is
implicitly done by the fetch policy. Therefore, although this mechanism is able to
prioritize threads to some extend, running times of jobs are still hard to predict, ren-
dering this approach unsuited for real-time constraints. For example, in Figure 6.3,
we show the IPC of the gzip benchmark for different handicap numbers and work-
loads. We observe that running gzip with the same handicap leads to different
[PC values, with a variation of up to 60% depending on the workload. Hence, even
when the icount handicap prioritization mechanism achieves some prioritization of
threads, it is still far from the objective of this section, namely, ensuring that several
threads in a workload run at a given target IPC.

Finally, the Power5 [36] processor uses a mechanism to control the decode band-
width. In our architecture this control provides the same results as controlling the
fetch bandwidth. However, given that no information on the internal resource al-
location of the Power5 has been released, we cannot compare the efficiency of this
mechanism and ours.

[ gzip + twolf B gzip + bzip2

32

. 16
handicap value

Fig. 6.3: IPC of the gzip benchmark for different handicap values
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6.3.2 QoS problem definition

In this section, we move a step further than existing work and we propose a novel
approach for a dynamic interaction between the OS and the processor which allows
the former to pass specific requests onto the latter. In particular, we focus on the
following challenge: given a workload of N applications' and one or two Predictable
Performance Threads (PPT0 and PPT1) in this workload, where PPTO has a higher
priority than PPT1, find a resource sharing policy to:

e Ensure that PPTO runs at (at least) a given target IPC that represents X%
of the IPC it would get if it were to be executed alone on the machine.

e Ensure that PPT1 (if PPT1 is given) runs at a given target IPC that represents
Y% of the IPC it would get if it were to be executed alone on the machine, or
as close as possible to this Y% when there are insufficient resources to realize
the targets for both PPT0O and PPT1 at the same time.

e Maximize the throughput for the remaining N — 1 (or N — 2 if a PPT1 is
given) Unpredictable Performance Threads (UPTs) in the workload.

To tackle a challenge such as the one described above we use a generic approach
to resource sharing for SMTs, which addresses such challenges as a QoS problem. As
explained in section 4.3, this approach is inspired by QoS in networks in which pro-
cesses are given guarantees about bandwidth, throughput, or other services. Anal-
ogously, in an SMT resources can be reserved for threads in order to guarantee a
required performance. Our view is that this can be achieved by having the SMT
processor provide ‘levers’ through which the OS can fine tune the internal operation
of the processor as needed. Such levers can include prioritizing instruction fetch for
particular threads, reserving parts of the resources like I1Q) entries, etc.

In order to measure the effectiveness of a solution to a QoS problem, we have
used the notion of QoS space introduced in section 4.3. On an SMT processor, each
thread, when running as part of a workload, reaches a certain percentage of the speed
it would achieve when running alone on the machine. Hence, for a given workload
consisting of N applications and a given instruction fetch policy, these percentages
give rise to a point in an N-dimensional space, called the QoS space 2. For example,
Figure 6.4 shows the QoS space for two threads, eon and twolf. In this figure, both
x- and y-axis span from 0 to 100%. We have used three fetch policies: icount [64],
flush [63], and data gating (dg) [20] in our baseline configuration. Theoretically, if a
policy leads to the point (x,y), then it is possible to reach any point in the rectangle
(0,0), (z,y) by judiciously inserting empty fetch cycles. Figure 6.4 also shows a more
general picture in which the dashed curve indicates points that intuitively could be
reached using some fetch policy. Obviously, by assigning all fetch slots and resources

'We assume throughout the section that the workload is smaller than or equal to the number
of hardware contexts supported by the processor.
2The notion of QoS space is applicable to other quantities, not only percentage of IPC.
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to one thread, we reach 100% of its full speed. Conversely, it is impossible to reach
100% of the speed of each application at the same time since they share resources.

In Figure 6.4 we see that the representation of the QoS space also provides an
easy way to visualize other metrics used in the literature. Points of equal throughput
lie on a single line whose slope is determined by the ratio of the maximum IPCs
of each thread (in this case, —1.2/3.8 = —0.32). Such a point with maximum
throughput is also indicated in the figure. Finally, points near the bottom-left top-
right diagonal indicate fairness, in the sense that each thread achieves the same
proportion of its maximum IPC. In either case, maximum values lie on those lines
that have a maximum distance from the origin.

6.3.3 Solution of the QoS problem

The notion of QoS implies the existence of hardware mechanisms in the SMT pro-
cessor that can offer effective control over the execution of threads. It also implies
that the OS should have some knowledge of the full speed of jobs in order to be able
to give requirements to the hardware, such as, “execute at a certain percentage of
the full speed”.

Our mechanism requires that all instances of an application have more or less
the same IPC. Fortunately, it has been shown [33] that media applications have
these properties so that all approaches discussed in this section can be applied to
multimedia applications. In the challenge considered in this section, we want to
guarantee a certain speed for the PPTs. We obtain this by reserving the proper
resources for them, proceeding hierarchically. First, we reserve resources for PPT0
as it has the highest priority. Then we reserve resources for the subsequent lower
in priority, PPT1, from those resources not used by PPT0, and so on. Finally, the
remaining resources are given to the UPTs.

The QoS mechanism we propose combines three key ideas. First, we monitor
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characteristics and execution progress of each thread and give feedback to the OS.
Second, we employ resource administration and allocation, guided by the demands
of threads and the external objective given by the OS. Third, we shield PPTs against
destructive interference of the other threads.

Another key point in our mechanism is that programs experience different phases
in their execution in which their IPC varies significantly. Hence, if we want to realize
a certain percentage of the full speed of a program, we need to take into account this
varying IPC. We illustrate this by an example. Figure 6.5 shows local IPC values
for gap for a period of 4.5 million cycles in which each value has been determined
over an interval of 15,000 cycles. Assume that the OS requires the processor to
run this thread at 80% of its full speed. The solid line is the average IPC for this
period and the dashed line represents the value to be achieved by the processor. It
is easily seen that during some periods it is impossible to achieve this 80% of the
global IPC, even if the thread were given all the processor resources. Moreover, if
the processor achieves this 80% of the global IPC during the first part of the interval
and subsequently gives all resources to this thread to achieve full speed during the
second part, then the overall IPC value it would realize would be lower than 80% of
the global TPC.
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Fig. 6.5: Local IPC of the gap benchmark

The basis of our mechanism for dynamic resource allocation rests on the observa-
tion that in order to realize X% of the overall IPC for a given job, it is sufficient to
realize X % of the maximum possible IPC at every instant throughout the execution
of that job. This is illustrated in Figure 6.5 by the bold faced curve labeled “80%
of local IPC”. Hence, the mechanism needs to determine the variations in IPC of
the PPT. In order to do this, we distinguish between two phases in our proposed
mechanism that are executed in alternate fashion, as shown in Figure 6.6.
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e During the first phase, the sample phase (60,000 cycles), all shared resources
are given to a PPT and the other threads are temporarily stopped. As a result,
we obtain an estimate of the current full speed of that PPT during this phase
which we call the local sampled IPC.

e During the second phase, the tune phase (1.2M cycles), UPTs are allowed
to run. Our mechanism dynamically varies the amount of resources given to
both PPTs to achieve the local target IPC'. It is given by the local sampled
IPC computed in the last sample period times the required percentage given
by the OS, which we call target percentage.

PPTO sample phase PPTO & PPT1 tune PPT1 sample phase
60K cycles phase 60K cycles
1.2M cycles
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PPTO full speed\ . / PPT1 full speed

determination i determination
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Fig. 6.6: Sample and Tune phases

Clearly, if we are able in the sample phase to measure reasonably accurately the
full speed of a given PPT and in the tune phase to realize a percentage X % of that
sampled IPC, then we obtain an overall IPC that is about X% of the IPC of that
PPT would have when executed alone in the processor. In the next two subsections
we discuss the sample phase and the tune phase in more detail.

Sample phase: Determining the local IPC of a PPT

During the sample phase, we determine the local IPC of a PPT by giving it all shared
resources and hence suspending the others momentarily. Note that the longer the
sample phase, the longer the time that the SMT is dedicated to only one thread, re-
ducing its overall performance and starving the Unpredictable Performance Threads.
Hence, we have to determine the local IPC of the PPT thread as fast as possible.
Our mechanism dedicates only 5% of the total execution time to the sample phase.

In our simulated architecture there are the following shared resources: fetch and
issue slots, IQ entries, physical registers, caches, TLBs and the branch predictor.
Our mechanism takes into account the following: L2 cache, IQs, physical registers,
and the fetch and issue bandwidth. The rest are freely shared among all threads.
These resources are allocated in the following way:

First, the allocation of the IQs and the physical registers is as follows: depending
on the particular needs of the PPTs during their execution, the number of resources
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allocated to them is changed. When a shared resource is partitioned, one part is
dedicated to PPTO0, another part to PPT1, and the remaining part is dedicated to
the UPTs.

Second, fetch and issue bandwidth is shared hierarchically. The PPTO0 has pri-
ority to use it and when PPTO cannot use the entire bandwidth, it is given to the
PPT1. The remaining bandwidth is used by UPTs, breaking ties with icount.

Third, unlike previous resources, caches, TLBs and the branch predictor can
suffer destructive interference because an entry given to one thread can be evicted
by another thread. In order to get more insight into this interference, we show in
Figure 6.7 how many inter-thread conflicts the PPT suffers during a 100,000 cycle-
long sample phase, averaged over the entire run of a workload consisting of twolf
as PPT and mcf, equake, and swim as UPTs. We observe that as the sample phase
progresses, the number of conflicts goes toward zero for the instruction cache, data
cache, TLB, and BTB. From the figure we conclude that after a warm-up period of
50,000 cycles most interference in these shared resources is removed. The branch
predictor (PHT) takes much longer to clear: we have measured that it takes more
than 5,000,000 cycles before inter-thread misses have disappeared. However, we
have also measured that this interference is mostly neutral, giving a small loss in
the branch predictor hit rate less than 1%. Hence, we ignore the interference in
the branch predictor. The interference in the L2 cache is more serious: it extends
for about 1.5 million cycles and gives rise to a significant performance degradation
(more than 30% for some benchmarks). This high number of cycles shows that we
cannot deal with the interference in the L2 by simply extending the warmup phase.
We address this problem below.
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The solution we propose to erase the conflicts in all shared resources, except the
L2 cache, consists of splitting each sample period into two sub-phases.

e During the first sub-phase, the warmup phase, that consists of 50,000 cycles,
the PPT is given all resources but its IPC is not yet determined.

e In the second sub-phase, the actual-sample phase, that consists of 10,000 cy-
cles, the PPT keeps all resources and moreover its IPC is determined.

The duration of this phase was determined empirically and is in accordance with
the results published in [70]. In this study, the authors present a statistical study
showing how to sample the trace of a given thread in order to obtain an accurate
measure of its IPC.

Reducing L2 cache misses due to inter-thread interference: The L2 cache is an impor-
tant source of unpredictability because the effects of threads interferences remain
for a long time and because they affect the critical path processor-memory.

Our solution to inter-thread interference in the L2 cache consists of partitioning
this cache into several parts. One part is dedicated to each PPT and the other part
can be used by the entire workload, UPTs and PPTs. In order to meet the demands
for varying workloads and program behavior, we employ dynamic cache partitioning.
We assume that the L2 cache is N-way set associative, where N is not too small:
in our simulator, L2 is 8-way set associative. We use a bit vector of N bits that
indicates which “ways” or elements in the set are reserved for each PPT. The cache
behaves like a “normal” cache, except in the placement and replacement of data.
The PPTO is allowed to use the entire L2, the PPT1 is allowed to use the entire
cache except the ways reserved for the PPTO0. Finally, the UPTs are restricted to use
the remainder subset of all the ways that exist in a set. An extra, most significant,
LRU bit is required for each way. This bit is set to one for the reserved ways and
to zero for the other ways so that the lines reserved for a PPT always have a higher
access count than the lines in the shared part of the cache. The bit of the PPTO is
more significant than the bit of the PPT1.

Let us assume that a load/store instruction misses in the L2 cache and causes
a replacement /eviction. If that instruction was issued by an UPT then, only lines
belonging to the shared part of the cache are selected for replacement using the LRU
algorithm. If it was issued by the PPT1 then, we mask this extra bit and we first
select a victim line that belongs to an UPT) if possible. If there does not exist such
a line, the LRU line from the lines belonging to the PPT1 and in the shared part
is selected as the victim. If that instruction was issued by the PPTO then, we first
select a victim that belong to an UPT. Next, to the PPT1 and finally, if all data in
the set belong to the PPTO, the LRU line of the entire set is selected as victim.

Note that this extension allows the cache to be used normally when the SMT
does not execute a workload with a designated PPT: the extra bit is always masked.
In [17] a different cache partitioning technique called column caching has been pro-
posed. However, this technique addresses a much more general problem of cache
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partitioning. Therefore, that technique is too heavy weight to be used for our pur-
poses where the simply mechanism described below suffices.

We propose an iterative method that dynamically varies the number of ways
reserved for the PPT. The control is local to the cache and only receives from the
processor information about how many, if any, PPTs there are. It also receives
information about which phase, sample or tune, these PPTs are currently.

e During each actual sample phase, every time a PPT suffers an intra-thread
miss, a per-thread-counter is incremented. We consider that a thread has
experienced an intra-thread miss when it is going to use a cache position used
by other thread.

e At the end of the sampling period, if the value of the counter is higher than
8 3, then the number of ways reserved for the PPT is increased by 1.

e If on contrary, the counter is lower than the threshold, this number is de-
creased by 1.

In this way, if PPTs experience few L2 misses due to interference, we reduce the
number of ways reserved for them. Likewise, if they experience many misses, then
we increase the number of reserved ways. The maximum number of ways that each
PPT can reserve is an empirically derived value that depends on the configuration
and on the relative order of priorities. Of course, the higher the number of ways
in the L2 cache, the better this algorithm works. This is not a limiting factor, as
current trends in computer architecture show that the number of ways in the outer
cache level of processors is increasing. For example, the Sparc64 VI [38] has a 12-way
L2 cache. The L2 of the IBM Power5 [36] is 10-way. The AMD K8 has a 16-way L2
cache [2]. In our configuration, we can reserve up to 4 ways for the PPT0 and up
to 2 for the PPT1.

Tune phase: Realizing the target IPC

After each sample phase of 60,000 cycles, there is a tune phase where we try to
achieve the target percentage of the local IPC measured in the previous sample
period, that is, the local target IPC. As stated before we want the sample phase to
be at most 5% of the total execution time. For this reason each tune phase takes
1.2 million cycles.

We proceed as follows. First, we adjust the partitioning of the L2 cache that
remains the same for the entire tune phase. This adjustment has been described in
the previous section. Second, the amount of the other shared resources (IQ entries
and the physical registers) dedicated to each PPT is dynamically varied as follows.

3The value of this threshold has been determined empirically based on the memory latency and
the duration of the sample phase. A change of any of these parameters requires an adjustment of
this value.



6.3. Predictable Performance . 101

e Each tune phase is split into 80 sub-phases of 15,000 cycles.

e At the end of every sub-phase, the average IPC of the PPTs in this sub-phase
is computed.

o [f the IPC of the PPTO is lower than its local target IPC, then the amount of
resources given to it is increased. We proceed similarly with the PPT1.

e Otherwise, if this IPC is higher than the local target IPC, then the amount of
resources given to this PPT is decreased.

We vary the number of instances of each resource dedicated to a PPT by a fixed
amount that equals the total number of instances of that resource divided by a
granularity factor, which has been set to 16. For example, for the 32-entry issue
queues this amount is 32/16 = 2.

Finally, we have observed that the local sampled IPC values are sometimes lower
than they should be due to interference from LPTs, mainly in the L2 cache. This
results in local target IPCs that are lower than they should be, and thus, the final
IPC obtained for the PPTs is also lower than the target IPC given by the OS.
In order to counteract this effect, we also take into account the global IPC of the
PPT: at the end of each sub-phase we check whether the total IPC of the PPT
under consideration up to this cycle is lower than the target IPC given by the OS.
We introduce a compensation term C' for this effect, as shown in formula (6.1).
This term artificially increases the local target IPC so that the final IPC of that
PPT converges to the target IPC given by the OS. In this formula, X is the target

percentage.

(X+C

local target IPC = 0 ) x local 1PC (6.1)

Initially C'is zero. If the total IPC is smaller than the target IPC, we increase C' by
5. On the other hand, if the global IPC is larger than the target IPC, we decrease
C by 5. However, we stipulate that C' does not become smaller than zero or greater

than 100 — X.

Hardware Implementation

The implementation of our mechanism involves three main parts: establishing the
maximum amount of resources that threads can use, tracking the resources used by
each thread, and tracking the phase and sub-phase in which the mechanism is in.
The implementation we propose is valid for any number of PPT. For simplicity, we
explain the case where there are 2 PPTs.

Resource limits: In our architecture, the structures under control are the physical
registers and the IQs*. We employ two 3-entry tables, one for the IQs and one for
the registers, that we call IQlimit and REGIlimit. Each entry holds the maximum
number of entries that a thread can use of this type of resource. These tables are
read every cycle by the threads fetching instructions that cycle. If a thread has

4The L2 cache also need to be changed. These changes has been already explained.
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allocated more entries than assigned to it for any resource, it is not allowed to fetch
more instructions. These tables are written at the end of the sample phase and the
tune sub-phases.

Tracking resources: In order to track the number of IQ entries and physical
register