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Abstract

Most applications driving the advancements in microarchitecture and memory
system research have a non-negligible interaction with the operating system. Yet, most
architectural investigations are based on user-level simulators in which operating sys-
tem activity is not modelled. This has motivated us to design SimWattch, a microarchi-
tectural modeling infrastructure. SimWattch is based on Simics — a system-level
simulation tool — and Wattch (SimpleScalar extended with power modeling) — a flexible
user-level simulation tool. As a result, it can analyze performance and power dissipa-
tion in microarchitectures at the cycle level for complex workloads running on com-

modity operating systems.

In this paper, we present the design issues we had to resolve in integrating a sys-
tem-level with a user-level simulator. We then use SimWattch to identify the type of
errors a user-level simulator typically does when predicting performance and power
dissipation while omitting operating system activity. Our results, which are based on
applications such as SPEC95, SPEC JVM98, and TPC-B, show that the error can be
large for commercial workloads such as TPC-B, in which IPC rate is overestimated by
more than 20% and total energy used is underestimated by more than 100%. Although

errors are lower for other benchmarks, they are still surprisingly high.

This paper demonstrates 1) that O/S activity must be modelled for accurate
microarchitecture evaluations 2) that modelling O/S activity is feasible and its cost is
reasonable, and 3) that complex and realistic microarchitecture evaluations including

O/S activity can be done in reasonable simulation times today.

Keywords: computer architectures, simulation, operating systems, database systems, performance

and power dissipation analysis.



1 Introduction

The applications that drive high-end computing have moved from scientific/engineering to information
processing applications, such as database, decision support, and web search engines. In analyzing perfor-
mance as well as power dissipation tradeoffs in computer architecture research, one should therefore
reflect this change. Many studies have contrasted the characteristics of scientific/engineering with com-
mercial applications and found noticeable differences. For example, Maynard et al. [19] showed that com-
mercial applications are typically more challenging with respect to their interaction with the memory
system and branch prediction mechanisms. One distinctive factor is that they typically have more operat-
ing system interactions than scientific/engineering applications. By contrast, scientific/engineering appli-
cations typically spend a very small fraction of their execution in system calls. As a result, it has been an
accepted practice in computer architecture research to completely disregard the impact of operating system

code on architectural decisions.

Over the years, the development of simulation tools to aid in performance and power dissipation
tradeoff analyses of architectural decisions has also reflected the change in application focus. For a long
time, user-level simulators, in which system calls are executed inside the simulator, have been the primary
vehicle in architectural research. Several tools such as Asim [9], MINT [27], Rsim [15], Shade [8], and
SimpleScalar [5] belong to this group. Recently, to satisfy the requirement for fast and flexible power eval-
uation tools, architectural-level power estimation tools like Wattch [4], SimplePower [28] and Architec-
tural Power Evaluation [6] have been introduced. SimpleScalar, on which Wattch is based, is the most
widely used user-level simulator because of its flexibility in modeling a wide range of microarchitectural
design points. Despite this fact, since it ignores the effect of the operating system, it can make gross errors

for applications from the information processing domain.

The development of complete system simulators has been directly motivated by the inability of user-
level simulators to target complex workloads. Although complete system simulation tools are extremely
large and complex, their benefits are diverse and significant [13][25]: evaluation of hardware design, devel-
opment of operating system, and performance tuning of workloads. Complete system simulation
approaches such as Simics [17][18] and SimOS [21] can functionally model the execution of applications
with operating system interaction on the instruction-set architectural abstraction level. By choosing that

abstraction level, the simulation speed is fast enough to measure execution statistics that normally can be



captured by hardware counters in the context of realistically sized workloads. The SimOS project further
demonstrated that it is possible to connect detailed microarchitectural simulators to predict the perfor-
mance of microarchitectural features. SimOS is an environment for analyzing performance of architectural
and software design alternatives of computer systems [13][21]. It can boot IRIX 5.3 or DEC UNIX [3] and
run realistic workloads. SimOS contains three microarchitecture models to tradeoff simulation speed and
detail. Recently, the capability of extending a MIPS microarchitectural model with power models has also
been demonstrated [11]. However, none of these microarchitectural models provides the flexibility of Sim-
pleScalar (or Wattch) to easily change microarchitectural resources. Additionally, SimOS provides flexible
data collection and classification mechanisms, assisting the users to clearly and comprehensively under-
stand simulation statistics. A simulator based on SimOS and called PharmSim is also being currently

developed to evaluate microarchitecture in the context of complete system simulation [7].

This paper introduces SimWattch, a simulator that currently estimates performance and power con-
sumption of a range of out-of-order issue superscalar microprocessors in a complete machine simulation
environment. It is capable of supporting analysis of power-efficient microarchitecture, application, com-
piler and operating system design decisions. It does this by combining the powerful system-level support
provided by Simics with the cycle-level microarchitecture timing and power estimations provided by Wat-

tch.

SimWattch will especially fill the important gap of supporting microarchitectural research to improve
energy efficiency. For example, recent studies targeting issue logic [10], instruction dispatch logic [16],
pipeline mechanisms [2] have used user-level simulation approaches; thus, they have not been able to study
the effects of workloads that rely on operating system support. Being based on SimpleScalar, the most
widely used simulation tool for microarchitectural research, makes SimWattch a very attractive tool in the

microarchitectural research domain.

The chief contribution of this paper is the approach by which we managed to integrate two very differ-
ent simulators built independently and widely used in industry and academia: a user-level simulator (Sim-
pleScalar/Wattch) and a complete-system simulator (Simics). By contrast, in SimOS [21], the integration
of the two simulations is very tight and was planned when they were both designed. In SimOS, the
microarchitecture simulator interacts with the system-level simulator at each instruction fetch, which may

cause a lot of overhead. In SimWattch we take advantage of Simics’ high-speed instruction execution by



letting it produce an instruction trace at full speed. This instruction trace is buffered in a FIFO queue and
consumed by Wattch at a slower pace. This mechanism introduced several non-trivial synchronization
issues such as how to support speculative execution. We present in the next two sections the complete

design of SimWattch and the fashion in which we solved these problems.

A second contribution in this paper is to use SimWattch to analyze the kind of errors made by user-
level simulators which ignore the effect of operating system code in analyzing performance and power dis-
sipation tradeoffs. By measuring miss rates, IPC, energy, power, and occupancy rates of various processor
resources in a superscalar processor executing applications such as SPEC95int, SPEC JVM98, and TPC-B
running on MySQL, we show that the errors can be very high for some metrics. For example, the relative
error in predicting IPC for TPC-B using a user-level simulator is typically 20% whereas the energy used
can be underestimated by more than 100%. Significant errors are also observed for power and energy per
instruction, even in the context of SPEC95. This error analysis is presented in Section 4. We conclude the

paper in Section 5 and expose our future research plans.

2 Overview of SimWattch

The overall structure of the SimWattch simulation environment is illustrated in Figure 1. Basically, Sim-
Wattch contains three main components: Simics, the complete system simulator; a modified version of
Wattch, the cycle-level microarchitectural performance and power simulator; as well as the SimWattch
Control Interface (SCI). On top of SimWattch, the Solaris 8 operating system and all workloads that rely

on such operating system support can execute.
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Figure 1: The architecture of SimWattch.

Simics is a complete system simulator that functionally simulates various microprocessors and

peripheral devices. It can run unmodified operating systems through its highly tuned instruction-set simu-



lator that interacts with its memory and device models needed to accommodate an operating system. In our
framework, Simics is employed to dynamically generate instruction traces, including operating system
activity, at high speed and supply sufficient information to the microarchitecture level processor and mem-

ory simulator which is responsible for detailed modeling of performance and power at the cycle level.

The microarchitecture level performance and power simulation engine of SimWattch is built on Wat-
tch [4], a power modeling extension of SimpleScalar. The SimpleScalar toolset models a range of detailed,
dynamically scheduled processors with multiple-level memory hierarchies, speculative execution, and
state-of-the-art branch prediction at the cycle-level. Although a few significant changes are made to Sim-
pleScalar for supporting the SPARC-V9 instruction set, a goal has been to maintain compatibility with the
SimpleScalar toolset as much as possible through providing an interface to Simics that will make it possi-
ble to upgrade SimpleScalar’s future extensions and to retain the advantages of SimpleScalar’s flexible

microarchitecture configuration, and well documented and structured designs [1].
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Figure 2: Simulation flow of SimWattch.

The SimWattch Control Interface (SCI) implements the interface between Simics and Wattch. SCI is
responsible for three tasks: First, it buffers the committed instructions executed on Simics; second, it
serves memory accesses issued by the microarchitecture simulation module; and finally, it dynamically
translates SPARC-V9 instructions into the native instruction set of SimpleScalar. Before explaining its

design and implementation, we at first provide a brief description of the SimWattch work flow, which is

displayed in Figure 2.



The entire simulation procedure can be divided into three main stages. The aim of the first stage
(“Boot Solaris 8” in Figure 2) is to prepare the simulation environment for the following detailed perfor-
mance and power simulation. This stage only involves Simics and takes advantage of its high functional
simulation speed which provides a slowdown of just two orders of magnitude. It functionally simulates a
few billion instructions to boot Solaris 8, runs workloads until some point where we are interested to do
detailed analysis and generates a checkpoint containing the entire simulated machine state. In our experi-
ment, this stage takes around ten minutes on a Sun SunBlade 1000 workstation. Just like in SimOS [13],

we can skip the above steps by loading the checkpoint in a later simulation session.

In the second stage (“Simics Instruction Fetch” in Figure 2), the Instruction History Queue (IHQ) is
filled with an instruction trace from Simics. For each committed instruction in Simics, the instruction
word, its PC, and its associated operands are stored in the next free slot of the IHQ. The above process

keeps going until the THQ is full.

In the third stage (“Microarchitecture simulation” in Figure 2), the microarchitecture simulation
module starts cycle-level performance and power simulation. It retrieves SPARC V9 instructions from the
IHQ and translates them to an extended set of the native Simplescalar ISA (PISA) to model the SPARC V9

ISA. It then models its execution on the microarchitecture model.

Synchronizing Simics with SimpleScalar, preserving memory semantics under speculation as well as

exception handling pose interesting challenges. These issues are discussed in the next section.

3 Design Decisions in SimWattch
3.1 Synchronization Between Simics and SimpleScalar
When integrating a microarchitectural simulator with a system-level simulator, the most obvious choice
would be to let the microarchitecture simulator act as a master that lets the system-level simulator carry out
memory accesses. This is the approach taken in most simulators. However, in Simics, the memory access
path, which involves address translation, is heavily optimized so that it only consumes between 10-50
instructions in the common case of a successful address translation.

To take advantage of the optimized memory access path in Simics, a key design decision we made

was to let Simics act as the master by executing instructions in advance and inserting committed instruc-



tions into the Instruction History Queue (IHQ) as shown in Figure 3. Apart from synchronizing Simics

with SimpleScalar, the IHQ also helps to match the speed between them.
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Figure 3: Synchronization between Simics and SimpleScalar

3.2 Speculative Execution and Exception Handling

SimpleScalar supports speculative execution. The fact that Simics executes and commits instructions,
without speculating along a mispredicted path, introduces a number of challenges to make SimWattch sup-

port speculative execution along correct as well as mispredicted paths.

As long as SimpleScalar executes along the correct path, Simics will always be in advance and will
have already inserted the correct instructions in IHQ. Conversely, when SimpleScalar executes along a
mispredicted path, it will only find the instruction in IHQ if it has been previously visited on the correct
path in which case the instruction address is used to locate it in IHQ. Otherwise, we let SCI access the
memory model in Simics directly to retrieve the instructions needed by the speculation. This may lead to
an address translation exception, e.g., a TLB miss or a page fault. We deal with such exceptions on mispre-
dicted paths by signalling misprediction and squashing the execution of all instructions in the pipeline by

injecting No-ops. This approach will neither pollute the caches nor the TLB.

Another issue concerns how to preserve memory semantics. Since Simics executes in advance special
precaution have to be taken when SimpleScalar executes load and store instructions. As long as Simple-
Scalar speculates along the correct execution path, Simics has already committed all these speculated
instructions and updated the memory state accordingly. As a result, store instructions issued by SimpleSca-
lar can be handled silently inside SimpleScalar. On the other hand, loads issued by SimpleScalar must
reflect the memory state as it was when the load instruction was executed. Since Simics executes in
advance, it may have modified the memory state. To guarantee that SimpleScalar loads the correct value,
the source operand of the load is inserted in the IHQ along with the load instruction and SimpleScalar sim-

ply gets the data from there.



When SimpleScalar executes along a mispredicted path, the values associated with store instructions
will never be committed to memory. Load instructions should however return the value of the latest store
which either corresponds to the checkpointed memory state at the beginning of the speculation or to a sub-
sequent store to the same address along the mispredicted path. Because the effect of feeding mispre-
dicted load instructions with incorrect data is expected to be small, we let a load instruction that
executes along a mispredicted path read directly from memory assuming that the memory state is

up-to-date most of the time.

Exception processing leverages on the support for speculative execution. It can be viewed as an unex-
pected procedure call and causes a change of the current instruction flow. In SimWattch, a trap is detected
in the instruction dispatch stage. We then treat it as a branch misprediction besides preserving and updating
the simulated machine states [23], which is not needed when dealing with a normal branch misprediction.

After that, the instruction flow resumes from the first instruction of the trap handler.

3.3 Architecture Mapping

Since Simics does not implement the PISA instruction set, we had to make an architecture mapping

between SPARC V9 and PISA. Table 1 displays the major differences between the two architecture mod-

els.
SPARC-V9 PISA
[ Instruction Size 32-bit 64-bit
Address Space 64-bit 32-bit
Register Window Yes No
INT Registers 32 GPR (64-bit) 32 GPR (32-bit)
32 Single-Precision (32-bit) . . .
FP Registers 32 Double-Precision (64-bit) 13 62 gmg;]e -l:[')rec1§ ton (36%141)31?
16 Quad-Precision (128-bit) ouble-Precision (64-bit)

Table 1: Differences in the register model of SPARC-V9 ISA and SimpleScalar PISA.

Each processor architecture has its own register organization using a convention that may be different
from others. Thus, to run unmodified SPARC-V9 instructions on the SimpleScalar architecture, the
SPARC-V9 register state must be emulated by SimpleScalar. We extended the SimpleScalar register model
to match the floating-point and control/status registers in SPARC V9. We also implemented the register
window containing 136 integer registers in SimpleScalar. In addition, the 32-bit SimpleScalar address

space is extended to 64-bit to emulate the SPARC-V9 memory organization.



Instruction translation was simplified significantly because both architectures support the same
addressing modes and has a similar instruction format. In SimWattch, mapping the layout of each SPARC-
V9 instruction word to PISA is dynamically conducted by the SimWattch Instruction Translation Engine.
At first, it decomposes a SPARC-V?9 instruction into several parts, and then fills them into the correspond-
ing fields of the PISA instruction format after a few minor changes. In our implementation, each generic
SPARC V9 instruction accessing no more than three registers is translated into a single PISA instruc-

tion.The benchmarks we have run so far have been successfully translated by the ITE.

3.4 Power Models

The dynamic power consumption of CMOS microprocessors is in Wattch [4] modeled as

where C is the load capacitance, ¥, is the supply voltage, and F is the clock frequency. The activity factor,

o, is a fraction between 0 and 1 indicating how often clock ticks lead to switching activity on average.

The power models in Wattch [4] assume that the main processor components are arranged into four
groups: array structures, CAM, combinational logic and wires, and clocking. Based on the above equation,

the physical character of circuits and process technology, different C, V44, 0 and F are modeled for various

component groups to calculate their power consumption. On each cycle of the simulation of an application,
the power models for each active unit will be invoked to calculate and record the energy consumed. In
addition, Wattch implements different conditional clocking styles: (1) no conditional clocking; (2) simple
conditional clocking; (3) aggressive, ideal conditional clocking: zero power consumption when a unit is
turned off; and (4) an aggressive, non-ideal conditional clocking: power of active units is scaled linearly
with port or unit usage, and unused units still dissipate 10% of the maximum power rather than zero. In this
paper, we assume a 0.18 micron process technology at 600MHz, and aggressive, non-ideal conditional

clocking style is employed for all results.

3.5 Validation
The critical issue in validating the SimWattch infrastructure has been to make sure that the instruction trace

presented to SimpleScalar is the same as the one issued by Simics and that the extension of the PISA
instruction set to implement SPARC-V9 semantics is correct. We have validated the infrastructure using

several approaches. First, we have measured the instruction mixes, i.e. the fraction of dynamically exe-



cuted instructions in each category, for the executed instructions on Simics and for the retired instructions
on the modified version of Wattch for the four applications to be presented later and found that they were
the same. Second, as far as the implementation of SPARC-V9 on SimpleScalar we analyzed in detail that
the instruction dependencies are maintained correctly in the pipeline by analyzing the instructions from a
set of small test programs cycle by cycle. As for the correctness of the power model, we rely on the valida-

tion of Wattch [4].

4 O/S Effects on Micro-architecture Simulations

Intuitively, it would seem important to include operating system code in the evaluation of microarchitec-
tures. There are three reasons for this. First we expect that operating system code has a distinctive behavior
different from user code, and, therefore, in applications relying heavily on operating system services — such
as commercial workloads —~ we would expect that the overall microarchitecture performance is affected by
both types of code, not just user code. Second, we expect significant interactions between O/S and user
codes as they dynamically execute in turn: Right after returning from an O/S call, it is likely that the state
of the microarchitecture — including pipeline and caches — is markedly different from the state of the
micro-architecture before the call was made, resulting in pollution effects inside the microarchitecture.
This pollution effect may modify the sequence of simulated events in the user code for some time and
impact measurements. Third, the timing of activities scheduled in an O/S call may affect the behavior of
the micro-architecture. For example the timing of I/O responses may affect the contents of caches, the tim-
ing of future O/S calls and the interference of O/S code activities with user code activities in the micro-

architecture.

To verify this intuition and justify the need for including O/S code in simulations, we have performed
several simulation evaluations using SimWattch. The goals of these evaluations are 1) to compare the
effectiveness of microarchitectures for SPEC applications and commercial workloads, 2) to observe errors
in micro-architecture simulation due to O/S code omission, and 3) to demonstrate that SimWattch can be
used to conduct a very detailed and flexible performance and power analysis of a complex micro-architec-

ture in the context of a complete system simulation.

4.1 Architecture Model

Table 2 gives the default microarchitecture parameters of a state-of-the-art 4-issue superscalar processor

studied in this paper. Particularly, this architecture implements out-of-order issue and execution, based on a

10



Register Update Unit (RUU) [22]. RUU is a unified instruction window, which uses a reorder buffer to

automatically rename and hold the results of pending instructions. Unless otherwise stated, the results in

this paper are collected based on this default configuration.

Parameter Value
= — = —
RUU size 128 instructions
LSQ size 8 instructions
Fetch Queue size 4 instructions
Fetch, Decode, Issue and Com- . .
mit width 4 instructions/cycle
Issue Mechanism out-of-order
. 4 INT ALUs, 4 FP ALUs
Functional Units 1 INT Multiply/Divide
1 FP Multiply/Divide
Combined, Bimodal 4K table, 2-Level 1K table,
Branch Predictor 10-bit history table
4k Chooser
BTB 512-entry, 4-way
Mispredict Penalty 7 cycles
L1 Instruction Cache 128K, direct-mapped, 32B blocks, 1 cycle latency
L1 Data Cache 128K, 4-way (LRU), 32B blocks, 1 cycle latency
L2 Cache Unified, 1M, 4-way (LRU), 64B blocks, 3 cycles latency
Memory 100 cycles first chunk, 30 cycles inter chunk
I-TLB/D-TLB 128-entry, fully associative, 30-cycle miss penalty

Table 2: Microarchitectural default parameters.

4.2 Benchmarks
We have picked four programs from SPECint95, SPEC JVM98 and TPC-B running on the MySQL data-

base engine. The four programs run on top of Solaris 8. SPEC95 is a suite of compute-intensive bench-
marks. They stress the performance of the processor, the memory hierarchy, and the compiler. SPEC
JVMO8 not only evaluates CPU (integer and floating-point), cache and memory architectures but also
stresses the efficiency of JVM, the JIT compiler, and the operating system implementations. SPEC JVM98
contains more operating system activities than SPEC95. In addition, a database workload, TPC-B running
on the MySQL database engine is analyzed. TPC-B is an official OLTP benchmark, and has similar behav-
jor to its successor, TPC-C. MySQL is a popular open source database engine supporting many websites,
datawarehouses, business applications, and logging systems (e.g. in Yahoo, Finance, MP3.com, and

Motorola). Database workloads are known to heavily depend on operating system support and have a radi-
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cally different behavior from scientific and engineering workloads [19]. Thus, SPEC95, JV M98 and TPC-

B are interesting candidates in evaluating a complete performance and power simulation environment.

A detailed description of the benchmarks is shown in Table 3. We compiled them for the SPARC-V9
ISA using GCC 3.0 with -O2 optimization flag. However, _201_compress runs in interpreter mode. To

evaluate the essential execution behavior of the workloads, we simulate 100 million instructions after skip-

ping the initialization phase of each program.

Category Benchmark Input Set Description
126.gcc protoize.i GNU C compiler
SPECInt3 129.compress 30000 q 2131 UNIX compression utility
JVM98 _201_compress sl A java port of the 129.compress
Database TPC-B (MySQL) 40 branches Database management systems

Table 3: Benchmarks, input set, and description.

In our simulations all statistics are collected in two modes: Overall and User. Overall numbers cover
the entire execution of the 100M instructions including O/S and user codes. User numbers are collected for
user instructions only: O/S instructions in the 100M instructions are filtered out by Simics, which means
only user instructions are fed into the IHQ and simulated in the microarchitecture simulation module.
Since the microarchitecture is not affected by instructions other than user instructions, the numbers

reported under User would be the same numbers as reported by a user-level simulator ignoring O/S code.

4.3 Performance Characteristic

4.3.1 Instruction Mixes

Figure 4 and Table 4 show the basic instruction mix of the four workloads. First, the fraction of user
instructions are given in Figure 4. As expected, TPC-B has the least user-level activity. A majority of its
work (50.9%) is done by the operating system. By contrast, engineering workloads such as 126.gcc and
129.compress exercise the operating system very little. And user instructions make up more than 97% of
its total execution. Surprisingly, even _20I_compress has very little operating system activity. Table 4
shows that the inclusion of operating system code has little or no impact on the instruction mix of engi-

neering workloads whereas the instruction mix of TPC-B is somewhat affected.
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Figure 4: Percentage of user instructions.

126.gcc 129.compress _201_compress TPC-B
Load 17.9/17.9 12.6/12.5 22.9/23.0 17.6/16.9
Store 4.23/4.04 7.66/1.71 7.97/7.96 9.78/7.16
Branch 22.3/22.3 10.6/10.5 13.6/13.6 19.2/21.1
Table 4: Instruction mix in percent (Overall/User).
4.3.2 Miss Rates

Table 5 shows the miss rates in caches and TLBs. They qualitatively match the results reported in [19].The
overall miss rates in caches and TLBs are consistently higher than the corresponding miss rates in user

mode. The difference is particularly large for TPC-B and is due to the pollution of caches and TLBs by

O/S code execution.
126.gcc 129.compress | _201_compress TPC-B
L1 ICache 1.31/1.16 0.04/0.00 0.07/0.01 6.13/4.52
L1 DCache 0.38/0.27 3.18/3.14 3.47/3.37 0.91/0.29
L2 Cache 5.67/4.03 2.50/1.12 3.58/2.58 1.76/1.04
ITLB 0.02/0.01 0.01/0.00 0.01/0.00 0.41/0.34
DTLB 0.06/0.01 0.14/0.06 0.13/0.01 0.94/0.02
Table 5: Cache and TLB miss rate in percent (Overall/User).
126.gcc ’ 129.compress | _201_compress TPC-B
- - e —— ;?* ——
Branch Direction 88.98/89.01 91.35/91.41 93.43/93.46 91.21/91.26
Prediction Accuracy
Branch Address 82.49/82.81 90.80/91.08 92.60/92.98 72.30/78.82
Prediction Accuracy

Table 6: Branch prediction accuracy in percent (Overall/User).

Table 6 gives branch prediction accuracy statistics. We see little difference between overall and user

13

codes, except for TPC-B where frequent O/S traps foils the branch address prediction hardware.




Miss rate numbers in the memory hierarchy showing the need to include O/S code in commercial
workloads are not new, as they can be derived easily with Simics or SimOS [3, 7, 13, 18, 19]. In the context

of SimWattch, we can further evaluate the effect of O/S code execution on the microarchitecture efficiency

and power dissipation.

4.3.3 Microarchitecture Efficiency
Figure 5 shows the IPC (instructions per cycle) of the four workloads in the default hardware configura-

tion. The overall IPC varies from 2.3 for 129.compress to 0.68 for TPC-B, as it is well known that engi-
neering workloads tend to have instruction level parallelism that is easier to exploit. In general, the overall
IPC is lower than the user IPC. This is expected in TPC-B, which has a large fraction of OS instructions.
The effect of O/S code on IPC in 129.compress and _201_compress is a bit surprising, given the small
amount of Q/S activity in these applications, but can still be explained by the pollution of the caches and

microarchitecture by OS code execution.
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Figures 7, 8 and 9 show the IFQ (instruction fetch queue), RUU (register update unit) and LSQ (load

store queue) occupancy rate for the four workloads. Occupancy rates are related to IPC: high occupancy
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means adequate utilization of hardware resources, which eventually leads to high performance. The occu-
pancy rates of /29.compress and _201_compress are much higher than /26.gcc and TPC-B. We see again

that the simulation of user code only overestimates resource utilization.

4.4 Power and Energy

Another important application for the SimWattch infrastructure is measuring power and energy dissipated.
The power dissipated (see Figure 6) is directly related to IPC. As for the IPC, power is overestimated by

simulating user code only instead of all the code.

Figure 10 shows the total energy consumed by the entire execution and by user code only. In the three
engineering workloads little energy is spent outside of user code. However, in TPC-B, the overall energy is
more than twice the energy spent in user mode. Obviously, it is impossible for a user-level simulator to
investigate adequately the energy consumption of database applications. Figure 11 shows the amount of
energy spent to execute each instruction. This metric removes the effect of the different number of instruc-
tions executed in Overall and User. Differences between User and Overall are less pronounced but still

exist.
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Figure 10: Total energy. Figure 11: Energy / instruction.

4.5 Energy and Performance Tradeoffs

An important application of SimWattch is to study the impact of architectural changes on power and per-
formance. In the following, we consider a range of implementations where we successively increase the
issue width, which is always equal to the decode and commit width. We use the parameters of the default
configuration, except that, to prevent integer ALUs from becoming the performance bottleneck, we use

eight integer ALUs when the issue width is equal to eight. The rest of the microarchitectural resources are
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kept unchanged. As issue width increases, performance improves, but renaming, instruction window, reg-

ister file and result bus consume more and more power.

Figures 12 through 15 show the trends of IPC and power, as the issue width increases from one to

eight. 129.compress reaps a significant performance gain from increasing the issue width. To support this

level of performance, the power increases almost linearly with the issue width and the IPC. By contrast,

TPC-B is not able to exploit wider issue widths because it does not have enough instruction-level parallel-

ism which can be exploited by more aggressive superscalar design. Because IPC gains are so modest,

power dissipation increases only marginally.
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Figure 15: TPC-B power.

Figures 16 and 17 show that the total energy goes down as the issue width increases from one to four
but, as the issue width increases further, the total energy consumed trends up. Figure 17 shows that the

energy spent in user mode is a little more than a third of the overall energy in TPC-B. Thus one can expect
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to expand much more energy executing 7PC-B than its user instructions would let us believe: The large

majority of the energy is spent in O/S mode.
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Figure 17: TPC-B total energy.

Figures 18 and 19 show the energy normalized to the number of instructions. The trend is the same as

for the total energy. Energy per instruction is a fairer metrics than total energy for evaluations using user

code only since it is independent of the number of instructions executed.
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Figure 19: TPC-B energy / instruction.

When we look at figures, we see that simulating user code only can lead to significant overestimation

of performance and significant underestimation of energy. Although the trends are similar in every case,

the absolute values are sometimes completely off-fields, as in the case of IPC and energy for TPC-B.

Tables 7 and 8 show the relative errors caused by omitting O/S code in the simulations. The errors are

computed as the absolute difference between overall and user values divided by user value. The error can

be excessively large, especially for IPC and energy in the case of TPC-B. Surprisingly, relative simulation

errors are non-negligible in the case of 129.compress as well.
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Issue Width 1 2 4 8

IPC 2.37 4.50 7.25 8.15

Total Energy 3.54 4.18 5.06 5.84
Energy per clock 1.81 337 5.35 5.58
Energy per Inst. 0.20 0.77 1.54 2.25

Table 7: Relative error due to O/S code omission in 129.compress (%).

Issue Width 1 2 4 8
IPC 17.45 22.17 2591 27.21
Total Energy 127.15 136.72 145.55 151.96
Energy per clock 7.93 9.53 10.67 9.94
Energy per Inst. 10.04 14.33 17.01 17.36

Table 8: Relative error due to O/S code omission in TPC-B (%).

5 Conclusion and Future Work

In this paper, we have introduced SimWattch, a complete system simulation environment that can be used
to conduct performance and power-oriented microarchitecture research or revisit existing techniques from
a more complete perspective taking into account operating system interactions on the power dissipated in
microarchitectural components. As a combination and extension of Simics and Wattch, it facilitates the
analysis of a wider design space for computer architects, application, compiler and operating system devel-

opers. In addition, it explores a new approach to cost-effective simulator design.

We have reported on performance and power measurements made with SimWattch to motivate the
inclusion of O/S code in microarchitecture simulations. To this end we measured both User and Overall
statistics. The performance and energy effects of O/S code execution were surprisingly large in engineer-
ing workloads such as SPEC95, even if these workloads execute very little O/S code. IPC is broadly over-
estimated by ignoring O/S code, by more than 20% in 7PC-B. Likewise, energy is underestimated by large
amounts, especially for commercial workloads. Simulations ignoring O/S code are generally too optimistic

and should be seen as a lower bound on energy and an upper bound on performance.

SimWattch is still in a preliminary development phase and there is room for improvement. Accuracy
is a serious concern of existing architectural-level power analysis tools. First, current power models must
be improved to factor in leakage power because this effect is becoming more important as we shrink the
feature size further. Second, more powerful and accurate data collection and classification mechanism can

help us have a better and clearer understanding of different system/user behaviors. Finally, the microarchi-
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tectural simulation speed of SimWattch is roughly 20k instructions/second on a SunBlade 1000 worksta-
tion running Solaris 8. This compares with a simulation speed of about 100k instructions on the same
machine for SimpleScalar in user mode. We believe that the improved accuracy is well worth the effort of
including O/S code. In any case, SimWattch’s speed could be further improved through optimizing instruc-

tion translation and removing some of the function overlap between Simics and Wattch.

Extensions to the simulator are topics of future research. So far, SimWattch models microarchitec-
tures. To fully exploit a complete system simulation tool such as Simics, power models of other modules in
the system, such as disks, should be added. Additionally, research on power-efficient multiprocessor
design is still in its infancy although its importance begins to attract more and more attention. We believe

SimWattch can be an ideal simulation tool for power/performance studies on such topics.
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Abstract

In current systems, virtual addresses are dynamically translated into physical addresses
through a Translation Lookaside Buffer (TLB) accessed in parallel with the first level cache. Such
a TLB does not scale well with processor speeds, physical memory sizes, and application data set
sizes. Other observed trends in architecture are the migration of computations to memory (PIM) to
fight the memory wall and the emulation in software of various memory functions. We believe that
these trends will eventually drive architects of general-purpose systems to virtualize the memory
hierarchy.

In this dissertation, we focus on memory systems where the TLB is moved down the
memory hierarchy, away from the processor. We propose and evaluate a novel multiprocessor
architecture called Virtual COMA(V-COMA), in which the virtual memory implementation is
combined with the cache coherence protocol.

We also introduce new solutions to two critical problems plaguing systems with virtual
memory hierarchies: synonyms and late memory traps.

To solve the synonym problem, we propose a Synonym Lookaside Buffer (SLB), which
translates synonyms before virtual addresses are issued to the memory hierarchy. In contrast to
TLBs, SLBs are very small and scale very well.

We then present an in-depth analysis of the trapping behavior of ILP (Instruction-Level
Parallelism) processors, and propose new techniques to tolerate the late detection of memory traps.
With these techniques, the performance cost of a trap is much less sensitive to the location where
the trap is detected, even deep in the memory system.

This dissertation demonstrates that virtually-addressed memory hierarchies are feasible
and efficient, that the hardware to support them scales much better than for physical memory hier-
archies, and that they open new opportunities for future computer architectures.

KEYWORDS: Virtual Memory, Distributed Shared Memory, TLB, Trap, NUMA,
COMA, Processor Microarchitecture, Memory Consistency, Performance Evaluation



Chapter 1

INTRODUCTION

Microprocessor performance is continually improving at a fast pace by increasing clock
rate and instruction level parallelism (ILP). The memory hierarchy of the processors must satisfy
multiple memory accesses in every cycle at a rate currently approaching 1GHz. It must sustain
high speed and high bandwidth memory accesses in the face of the growing disparity between pro-
cessor execution rate and main memory access time, and of the growing memory demand of
emerging applications. One additional complication is that, in the process of accessing memory,
the virtual address issued by the processor must at some point be translated into a physical address
to support virtual memory. Currently, this dynamic translation between virtual and physical
addresses is supported by a translation lookaside buffer (TLB). Typically the virtual address trans-
lation is performed before or in parallel with the first level cache access, so that the memory hier-
archy is accessed with physical addresses throughout[92][83]. We call this current design of
memory system physically-addressed memory hierarchy.

A ) i Address Translation A

L1-Cache

L2-Cache

Memory

Figure 1.1 A Bandwidth Hierarchy

In this dissertation, we advocate virtually-addressed memory hierarchies where the TLB is
removed from the processor and located within the memory hierarchy. Virtually-addressed mem-



ory hierarchies cut the overhead and improve the scalability of virtual memory implementations.
Moreover, virtually-addressed memory hierarchies open new opportunities to build more flexible
and smarter memory systems.

Attacking the TLB Bottleneck. The TLB of a physically-addressed memory hierarchy is
a hardware bottleneck, because it must be accessed before or in parallel with time-critical accesses
to the first level cache integrated very closely with the processor core where the chip real-estate is
very precious. To satisfy the access constraints of the first level cache, the latency and bandwidth
requirements of the TLB must scale up with the clock rate and instruction level parallelism[3]. It is
getting more difficult and costly to implement a large TLB meeting these speed and bandwidth
requirements. Figure 1.1 illustrates a bandwidth hierarchy for a typical computer system, where
the dynamic address translation has to meet the peak bandwidth requirement.

The TLB inside the processor core does not scale with the growing working set size of
applications and with the size of physical memory. For a given application, the miss ratio of the
TLB is primarily determined by the TLB reach, or coverage[19]. New applications are emerging,
and at the same time the working sets of applications keep growing and changing. The TLB is
fixed within the processor and is very difficult to scale with the applications. It can not be changed
when building various computer systems using the microprocessor chips.

Shared memory multiprocessors have become commonplace recently. Small and medium
scale multiprocessors are already very successful commercially. Large scale multiprocessors have
also been built and will become more and more popular in the near future. The current design of
TLBs scales very poorly with the number of processors in a multiprocessor. Multiprocessors tend
to have larger memory size and run larger applications. In a multiprocessor, some TLB entries are
replicated, wasting TLB space but, more importantly, creating a consistency problem[81]. Main-
taining TLB consistency is very expensive and does not scale well. The overhead of maintaining
TLB consistency tends to grow in the presence of new optimizations such as page migration for
NUMA(Non-Uniform Memory access Architecture) machines to reduce the number of remote
data accesses.

Translation misses in the TLB trigger expensive “table walks” through levels of page
tables located in main memory. It has been shown in the past[22][(54] that the execution overhead
due to TLB handling was about 5% - 10% of the total execution time. However, current technol-
ogy and application trends put more pressure on the dynamic address translation hardware. Some
recent studies have shown that the TLB service time alone can consume up to 50% of the user exe-
cution time in some workloads[65][79].

In virtually-addressed memory hierarchies where the cache is virtually indexed and
tagged, most memory accesses are completed without TLB involvement. The actual address trans-
lation, performed only when it is needed, can be done in different locations in the memory hierar-
chy, and can be implemented in various ways. Putting the TLB after the virtual address cache
hierarchy can dramatically reduce the number of TLB misses because of the filtering effect of the
caches and also because the TLB may be much larger given the much reduced speed and band-
width requirements. When the TLBs are shared at the main memory in multiprocessors, the num-
ber of TLB misses may become insignificant because of sharing and prefetching effects. The size
of the TLB is no longer fixed within the processor chip and therefore can scale with the main
memory size. Moreover, maintaining TLB consistency can be eliminated, which largely improves
the scalability of virtual memory systems for multiprocessors.

Supporting Generic Memory Function Paradigm. Virtual memory is actually nothing
more than a special memory function which provides each user program with the illusion of an
exclusive memory space hiding the complexity of managing the physical memory. In general, a



memory function is the method or action taken to maintain a particular semantics of the memory
system. As a generic programming paradigm, memory functions can be extracted from application
programs so that the programs are split into separate parts. The part of memory functions maintain
a memory system with some particular semantics or properties which are assumed by the rest parts
of the programs. The semantics or properties are usually well-defined to improve the performance,
portability, and programmability. For example, the abstraction of virtual memory improves pro-
gram portability and programmability. As another example, we can consider memory forward-
ing[49] which maintains the correctmess of dynamic memory relocation, so that aggressive run-
time data layout optimization is enabled to enhance spacial locality, facilitate prefetching, and
avoid cache conflicts and false sharing.

The memory functions express a level of parallelism that can be exploited in coarse granu-
larity. Unlike the SPMD (Single Program Multiple Data) model where all the programs and pro-
cessing units are somewhat symmetric, memory functions have different functionality and of
course quite different behaviors with the original user application programs. It has big potential to
take advantage of techniques such as processing-in-memory (PIM) and simultaneous multithread-
ing(SMT).

Traditionally, the support for memory functions has been limited to the support for virtual
memory implementation. The TLB handles the most common cases in hardware by caching the
recent translation entries, and a trapping mechanism is provided so that uncommon cases such as
TLB misses and page faults are completed in software. Recent examples of memory functions
such as the concurrent garbage collection algorithm[2] and the original shared virtual memory
implementation proposed by Kai Li[48] rely on the virtual memory support.

A virtually-addressed memory hierarchy provides more flexible support for memory func-
tions than the traditional physically-addressed memory hierarchy. This is because of two reasons:
1) In order to support virtually-addressed memory hierarchies, the processors have to be able to
take traps from the memory hierarchy. Therefore, special hardware devices can be inserted in the
memory hierarchy to handle common cases for particular memory functions, and to generate traps
to trigger memory function software for complicated cases. 2) Because the inserted hardware
devices can “see” virtual addresses, the memory system semantics can be defined in the virtual
address space, and the memory function implementation can be done at the user level. As an exam-
ple, consider again memory forwarding. First, trapping from main memory is required in case a
memory access hit on an indirect relocation pointer. Second, if virtual address is available, the trap
handler can be dispatched on any processor (a PIM processor close to the data is preferred but not
required) with the correct user context, running in parallel with the computing program.

Fighting the Memory Wall. Microprocessor performance has improved at a rate of 60%
per year since the mid 80’s, while in contrast the DRAM access time has lagged behind, improving
at only 7% per year. Although many latency tolerance techniques such as prefetching and memory
consistency models have been exploited to mitigate the gap between processor and memory, it has
been shown that the memory bandwidth will soon become a major bottleneck[6], especially given
that most latency tolerance techniques consume extra memory bandwidth.

A radical solution to attack this so-called “memory wall” problem is processing-in-mem-
ory (PIM), which is enabled by recent VLSI technology integrating processing logic with DRAM
memory chips. PIM processors can exploit the huge internal bandwidth associated with the mem-
ory banks within the memory chip, as well as the much reduced memory access latency. PIM pro-
cessors are usually much simpler and may be slower as compared to state-of-the-art
microprocessors which exploit parallelism to increase the instruction execution throughput.

Future high performance computer systems should take advantage of in-memory process-



ing, as well as of the increasing on-chip instruction level and thread level parallelism, as illustrated
in Figure 6.1. Data-intensive programs such as index searching and virtual memory function run
far more efficiently in memory than on ILP processors. Virtually-addressed memory hierarchy is a
necessary step to integrate PIM processors into general purpose computing systems. With virtual
addressing of memory, system software such as operating system functions can be migrated into
memory so that they can executed more efficiently in parallel with user programs, but more impor-
tantly, user-level in-memory computing can be naturally supported.

The communication between processor and memory is a major bottleneck because of the
big performance gap. For well-behaved applications with good temporal and spatial locality, the
cache hierarchy within the processor chip can reduce the necessary communication bandwidth
across the processor and memory. PIM processors can execute memory-intensive tasks within
memory, which improves the system performance at least in 3 directions: 1) The necessary com-
munication bandwidth between processor and memory is reduced because the processing is
absorbed within the memory closer to the data; 2) The memory-intensive tasks can be executed
much faster by PIMs than by the ILP processors because higher clock rate or deeper pipelining
will not improve their performance; 3) The processors can run compute-intensive applications in
parallel with the PIMs, increasing the overall throughput of the system.

Memory functions are a perfect paradigm to split the application programs and distribute
the work among processors and PIMs. The memory functions can be executed either in PIMs or on
ILP processors. While cache-friendly memory system properties can be defined and maintained to
reduce the memory bandwidth, portable and efficient PIM programs can be written to execute var-
ious layers of memory functions in memory, eventually leading to a smooth transition path for
PIM technology to the general-purpose computing.

1.1 Research Contributions

In this dissertation, we evaluate the performance issues associated with virtually-
addressed memory hierarchies and propose new ideas to support and exploit virtually-addressed
memory hierarchies.

¢ Various memory systems are compared where the address translation is done in differ-

ent places in the context of large scale multiprocessors. Our evaluation results show that
because of the filtering of the virtual address caches the number of address translation
misses is dramatically reduced when the TLB is moved down to the memory hierarchy.

* Novel multiprocessor architectures are proposed and evaluated. In one of them, called
the virtual COMA(V-COMA) architecture, the entire memory hierarchy is accessed
with virtual addresses. The dynamic address translation mechanism is shared among ail
the processors, and is combined with the cache coherence protocols. The translation
overhead is reduced to a minimum and the consistency problem is eliminated. V-
COMA scales well and even works better with larger number of processors.

* A new solution to the synonym problem is introduced to enable virtually-addressed
memory hierarchies. The major idea is to replace the TLB in the processor with a Syn-
onym Lookaside Buffer (SLB), which translates synonyms into unique identifiers to
address the memory hierarchy. An SLB can remain very small because its size depends
on the sharing of synonyms, not on the size of applications or of the physical memory.



* Using contemporary workloads running on a real operating system (SGI Irix 5.3), we
compare the performance of virtually-addressed caches and traditional physical address
caches. It appears that virtual address caches have better miss rates than physical caches.
In particular, our proposed solution using a small SLB in front of the caches avoids
short misses in large caches, while safeguarding the benefits of the temporal and spatial
locality presented in the virtual address stream.

» The behavior of traps in modern ILP processors is analyzed in-depth. Several metrics
are defined to quantify the overhead of traps. In particular, the performance impact of
late memory traps is identified.

* Three techniques are proposed to tolerate late memory traps. The performance cost of
any trap is very high in ILP processors. At the same time, using our techniques, the
overhead due to the lateness of detecting traps is considerably lower. Therefore, with
our techniques, the overhead of traps is not much sensitive to the location where the trap
is detected.

1.2 Organization of the Dissertation

In chapter 2, we describe some background material for this research. We start with a brief
overview of virtual memory systems, followed by an introduction of the architecture of contempo-
rary microprocessors, which are the building blocks of most computer systems. Then we briefly
describe some multiprocessor architectures. Multiprocessors are becoming the prevalent architec-
ture for computers from low end desktops to high end supercomputers and commercial servers.

In chapter 3, we look at various design options for virtually-addressed memory hierarchies
in the context of large scale multiprocessor systems. In particular, a novel multiprocessor architec-
ture V-COMA is proposed and evaluated.

In chapter 4, we focus on the synonym problem, which is one of the major technical diffi-
culties faced by virtually-addressed memory hierarchies. We propose and evaluate a new scheme
to solve the synonym problem, the synonym lookaside buffer (SLB). We also compare the miss
rate behavior of physical and virtual address caches.

In chapter 5, memory traps in ILP processors are analyzed in-depth. Several metrics are
defined to capture the overhead of traps. In particular, the impact of late memory traps is identi-
fied. Three techniques are proposed to tolerate late memory traps.

In chapter 6, we discuss some implications of virtually-addressed memory hierarchies.
Virtually-addressed memory hierarchy empowers more flexible and smarter memory systems
enhanced with the general memory functions and processing-in-memory (PIM). In chapter 7, we
summarize the related work. In chapter 8, we present the conclusion of this research.



Chapter 2

BACKGROUND

In this chapter, we describe some background material for this research. We start with a
brief overview of virtual memory systems, followed by an introduction of ILP processors. We also
briefly describe multiprocessor architectures.
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Figure 2.1. Virtual Memory Implementation



2.1 Virtual Memory

Virtual memory system manages physical main memory and provides each individual user
program an illusion of a single large memory space. Through cooperative hardware and software
support, the virtual memory system automatically moves data between secondary storage and
main memory. User programs running in their virtual address spaces are no longer concerned with
physical memory management.

Figure 2.1 illustrates a typical implementation of a virtual memory system. Most virtual
memory systems implement demand paging, where the physical memory is divided into fixed
pages, typically 4K or 8K bytes. Each virtual address is dynamically translated into a physical
address to access physical memory. If the accessed data is not present in physical memory, a page
fault trap is generated and the system software loads the page from secondary storage, updates the
virtual-physical page mapping and resumes the execution of the user program.

Typically, the virtual-physical page mapping is maintained by page tables which are spe-
cial data structures maintained by the virtual memory system software. There exist different page
table organizations. The two major structures are forward page table and inverted page table. For-
ward page table is indexed with the virtual page number. Because the virtual address space is usu-
ally huge and very sparse, a naive one level page table is wasteful of memory. A multi-level page
table structure saves memory by taking a hierarchical approach. In multi-level page tables, several
memory accesses are required to translate a virtual address. An example of a forward page table
structure is shown in Figure 2.2. An inverted page table is indexed by the physical page number
instead of the virtual page number. The size of the inverted page table is proportional to the size of
main memory. The inverted page table can not be directly accessed by virtual addresses. A hash
function is necessary to find the physical page number from the virtual address. An example of
inverted page table structure is shown in Figure 2.3.

Virtual Address

Page Offset

Level-1 Table Level-2 Table Level-3 Table

4

»i Page Table Entry

Figure 2.2. Forward Page Table Structure

Logically, the main memory is organized as a fully associated cache controlled by the
page table with the block size equal to the page size. Virtual memory system software manages the
data movement between main memory and backup secondary storage, typically a disk. Because of
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the huge latency gap between main memory and disk I/O access, usually software controlled con-
text switches are necessary to tolerate the latency in case of a page fault.

A special cache commonly called TLB (Translation Lookaside Buffer) is used in almost
every current computer system to accelerate the dynamic address translation. The TLB caches the
most recently used page table entries is typically located very close to the processor pipeline and is
accessed before or in parallel with the first level cache. If a virtual address hits in the TLB, it is
immediately translated into a physical address by the matching TLB entry. If it misses, the in-
memory page table is looked up to complete the translation. If the look up procedure is successful
and the page table entry is valid, it is inserted into the TLB and the program execution is resumed,
otherwise a page fault is generated. The TLB either is fully associative or has a high degree of
associativity in order to reduce the number of conflict misses.

Virtual Page Number Page Offset
HAT
/
Hash
Function IPT

Figure 2.3. Inverted Page Table

Figure 2.4 illustrates a typical entry of the TLB. Besides the virtual and physical page
numbers, a hardware context identifier is included to avoid flushing the entire TLB on every con-
text switch. The access right bits restrict accessibility to the page. Typically, a memory trap is gen-
erated if access rights are violated. The entry is invalid if the valid bit (V) is reset. The reference
(R) and dirty (D) bit are usually needed by the software to optimize the paging algorithm. Some
TLBs include a global bit which allows the TLB entry to map a global virtual address area across
all the contexts. Many TLBs support the mapping of multiple page sizes in power of two. Such
pages are called superpages and their purpose is to increase the coverage of the TLB mapping.

context virtual page number physical page frame accessright | R [D |V

Figure 2.4. TLB Entry
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This is a very brief summary of the basic concepts in a virtual memory system. Any real
implementation is far more complex. Memory management is now the heart of almost every oper-
ating system.

2.2 ILP (Instruction Level Parallelism) Processor

With the advance of VLSI technology, the architecture of computer systems is centered
around microprocessors[24]. Almost all modern computers from laptops to supercomputers are
built with microprocessors because of technological and economic reasons. In order to achieve
high performance, modern microprocessors use very complex microarchitectures to exploit
instruction level parallelism(ILP).

Figure 2.5 shows the block diagram of a typical ILP processor similar to the MIPS
R10000[92]. Multiple instructions are fetched and decoded in program order, execute out-of-order
in the execution engines, and finally graduate in program order again.

In the instruction fetch stage, the addresses of instructions following the branch are pre-
dicted. In the decode stage, logical registers are renamed to physical registers, and the decoded
instruction is appended to an active list and put into one of the instruction queues waiting to issue.
When a branch instruction is decoded, the processor state is saved in a branch stack, from which
the state can be recovered in case the branch is mispredicted. A branch mask associated with each
instruction in the instruction queues and in the execution pipelines points to the depending
branches. If any one of these branches is mispredicted, the instruction is aborted. The instruction
queues act as reservation stations, monitor the register write ports and issue the instructions to the
pipelined execution units based on data flow dependencies. When an execution unit completes an
instruction, it sends the instruction tag to the active list. Instructions are retired in program order
after they are completed. When retiring an instruction, the active list commits the register mapping
and returns the physical registers to the free list.

Retiring instructions in order is critical for handling precise interrupts[75]. An exception
can only be taken when the instruction reaches the top of the active list, at which point all previous
instructions have successfully retired. The pipeline is flushed and the state is recovered by unmap-
ping the registers in reverse order of instructions in the active list, usually at the same rate as the
decode rate.

2.3 Shared Memory Multiprocessors

Shared memory multiprocessors are the prevalent architecture to achieve performance lev-
els beyond that of single processors. Most supercomputers and high end servers are multiproces-
sors, and it is now very common to see multiple processors in low end servers and desktops.
Considering technology and architecture trends, single chip multiprocessor products are likely to
appear in the near future.

2.3.1 Architecture

Most small scale multiprocessors are bus-based symmetric multiprocessors (SMP). As
shown in Figure 2.6, all the processor modules as well as the main memory and /O devices are
attached on the snooping bus. Cache coherence is maintained by the snooping protocol. Memory
accesses that miss in the processor cache are broadcast on the bus, and are snooped by all the
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Figure 2.5. Block Diagram of an ILP Processor

caches. Depending on the coherence protocol, either another cache or the main memory supplies
the data to complete the memory access.

Snooping Bus

Memory

1/0

Figure 2.6. Bus-Based Multiprocessor

Bus-based multiprocessors do not scale well because they are restricted by the bandwidth
of the snooping bus. For large scale multiprocessor systems with hundreds or even thousands of
processors, directory-based distributed shared memory systems become the natural design choice.
Each node in a distributed shared memory system contains a portion of its main memory which is
shared and can be addressed by all the processors. Because the system is not limited by a central-
ized broadcasting mechanism such as the snooping bus, the distributed shared memory system can
scale up to a very large number of processors. Usually, a directory-based cache coherence protocol



is used, where the directories contain the copy information for each memory block.
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Figure 2.7. CC-NUMA Architecture
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Figure 2.8. COMA Architecture (COMA-F)
Cache Coherent Non-Uniform Memory access Architecture (CC-NUMA) and Cache Only
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Memory Architecture (COMA) are two major variations of the large scale distributed shared mem-
ory systems. Figure 2.7 shows a typical CC-NUMA architecture. In CC-NUMA, the data replica-
tion and migration happen in the processor caches. If a memory access misses in the cache, a
memory request has to be sent to the home node of the memory block, which could be either
remote or local to the processor. Based on the directory at the home node, appropriate coherence
actions will be taken to complete the memory request.

Figure 2.8 shows a typical COMA architecture. Here we consider a flat COMA[44]
instead of a hierarchical COMA[35] architecture. In COMA, the main memory is organized as
another level of cache which is called attraction memory. Automatic data replication and migra-
tion can happen in the attraction memory. After a memory access misses in the processor cache,
the local attraction memory is first looked up. If the data is not present in the attraction memory,
the request has to be sent to the home node where the directory information resides indicating the
location of the copies. The home node does not necessarily contain the data as in CC-NUMA. The
COMA protocols are much more complex to implement compared to the CC-NUMA protocols.

2.3.2 Memory Consistency Model

In order to guarantee the correct execution of parallel programs, the memory consistency
model must be respected[25].

A memory consistency model specifies the constraints on the order in which memory
operations must be globally performed (i.e. become visible to all the processors)[25]. The most
intuitive and natural model for programmers is the sequential consistency(SC) model, which is
defined by Lamport[50] as the following:

A system is sequentially consistent if the result of any execution is the same as if the oper-
ations of all the processors were executed in some sequential order, and the operations of each
individual processor appear in this sequence in the order specified by its program.

Sequential consistency enforces very strict constraint on orders of memory accesses,
which restricts many performance optimizations that modern uniprocessor compilers and micro-
processors employ. There are other different memory consistency models that relax the ordering
restrictions of sequential consistency. Total store order(TSO) and processor consistency(PC) relax
the write-to-read order. Partial store order (PSO) relax both write-to-read and write-to-write
orders. Weak ordering(WO) and release consistency (RC) relax all memory access orders and rely
on synchronization instructions to guarantee correct execution of programs.

2.4 Evaluation Methodologies

In order to understand the issues and evaluate various ideas, we simulate the architectures
using trace-driven and execution-driven simulations.

Trace-driven simulation is used to study the performance for memory hierarchy in the uni-
processor environment. The trace is a sequence of load/store memory accesses from the applica-
tion workload, which drives the cache/memory simulator to evaluate the performance. Trace-
driven simulation is simple and fast. However, it has many limitations. Only the behavior of mem-
ory system is accurately evaluated, the overall execution time and other system components
including the processor are not simulated. In addition, it is not accurate for multiprocessor evalua-
tion.
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We also use execution-driven simulation in this research. Typically, an execution-driven
simulator models the function and timing for all the components of the target computer system,
including the processors, the cache/memory system, bus, interconnection network, and I/O. The
models can have different levels of detail depending on the accuracy and simulation time trade-off.
The application executables are run on top of the simulator just as they run on the target machine.
The simulated processor interprets and executes the application instructions based on the appropri-
ate timing. Usually, there will be an event engine that maintains an internal global time and sched-
ule the order of events.
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Chapter 3

VIRTUALLY ADDRESSED MEMORY HIERAR-
CHIES

In this chapter, we look at various design options for virtually-addressed memory hierar-
chies in the context of large scale multiprocessors. The basic idea is to move the address transla-
tion closer to memory, where the TLBs are shared, do not have coherence problems, and scale well
with both the memory size and the number of processors.

3.1 Virtual Address Cache Issues

Virtual address caches can relieve the latency and bandwidth requirements of the TLBs.
When the cache is virtually indexed and tagged, most memory accesses are completed without
TLB involvement; in fact, address translation can be done in different locations in the memory
hierarchy[85], and can be implemented in various ways, such as in-cache translation[89] or even
by software[42].

There are a series of issues related to any system with virtually indexed and virtually
tagged caches, such as the synonym problem for which we will propose a new solution in chapter
4. We briefly summarize these issues here.

3.1.1 Synonyms and Address Mapping Changes

Virtual address caches suffer from synonym and address mapping change problems. Syn-
onyms happen when multiple virtual addresses map to the same physical address and may cause
inconsistencies in a virtual address cache. Virtual-physical address mapping changes are due to
deallocation and reallocation of pageframes. Since mappings may still remain in the virtual
address cache after a page has been demapped, they must be flushed to avoid inconsistencies.

Chapter 4 analyzes the synonym problem in detail. In this chapter, we assume that the vir-
tual addresses that are used to address the memory hierarchy do not contain synonyms. A Pow-
erPC-like segmented memory system or a single address space operating system can create a
global virtual address space where synonyms are not allowed. The SLB scheme proposed in chap-
ter 4 can also be used to generate unique virtual addresses for synonyms.
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3.1.2 Write-backs and Inclusion

Besides cache misses, stores must also propagate down the hierarchy as write-through or
write-back accesses. Because write-backs may not be part of the current working set of the appli-
cations, they have a higher probability of missing in the TLB which is located right after the virtual
address caches.

Usually, inclusion is maintained between the caches. Thus, when a block is removed from
a lower level cache, the caches up the hierarchy must be invalidated. When the TLB is inserted in
the cache hierarchy such as the L1-TLB shown in Figure 3.1, the caches above the TLB are
indexed in virtual addresses, while the caches after the TLB are indexed in physical addresses. A
reverse translation mechanism, usually in the form of backpointers, is needed between a physical
address cache and the virtual address cache above it[85] in order to maintain the inclusion property
between the caches.

Maintaining inclusion between the TLB and the virtual address cache memory above it
avoids TLB misses on write-backs from the cache. Although the TLB placed after a virtual address
cache can be very large and slow in uniprocessors, inclusion is expensive in multiprocessors. First,
whereas a large cache cuts the number of capacity misses dramatically, coherence misses can not
be filtered out and the longer address translation latency impacts coherence operations. Second,
the TLB size to maintain inclusion grows with the cache size, leading to higher cost and longer
latency. Third, it is not mandatory to maintain inclusion. Physical pointers stored in the virtual
address cache can avoid accesses to the TLB on a write-back, just as pointers are used in the phys-
ical address cache to access the virtual address cache above it[85].

Because of the effect on coherence misses and the sheer cost of fast, large TLBs, we do
not enforce inclusion between a TLB and the virtual address caches above it.

3.1.3 Late Detection of Memory Faults

After a virtual address is translated into a physical address, the processor assumes the
memory access will complete without fault (except for fatal errors) because the TLB only contains
mapping for valid pages in memory. The traditional TLB coverage thus provides a “safe-access
subset” such that any memory access that passes the TLB does not generate any exception in nor-
mal execution. However, this is a conservative strategy, in which every memory access outside the
subset stalls the processor even though it may not lead to a memory fault.

Putting the address translation mechanism after the virtual address cache postpones the
decision time of the memory fault. The virtual address cache and the following TLB expand the
“safe-access subset”, which means that a page fault or a miss of the TLB will trap the processor
after a longer detection time as compared to a system with physical caches. This issue of late
detection of memory traps is studied in chapter 6, where the trap in ILP processors is analyzed and
new techniques are proposed to tolerate the late memory traps.

3.1.4 Access Rights

Each page table entry contains protection bits such as read, write, and execute for the
page. These attributes migrate to the TLB on a TLB miss. Thus, in a system with virtual address
caches access right bits must be copied at least in the first level cache. This requires cache flushing
when access rights are changed. Of course in a segmented system as the PowerPC architecture,
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Figure 3.1. Possible Locations for the TLB in CC-NUMA

access rights can be easily checked at the segment granularity([42][52] by storing access right bits
in the segment register.

3.2 Options for Dynamic Address Translation

3.2.1 Dynamic Address Translation in CC-NUMA

Address translation can be done at different levels of the memory hierarchy in a traditional
CC-NUMA architecture, as shown in Figure 3.1. Most processors translate virtual addresses in a
TLB before or in parallel with the first-level cache (L0-TLB). However, provided caches are virtu-
ally indexed and tagged, the TLB could be placed between the first- and second-level caches (L1-
TLB) or after the second-level cache (L2-TLB). In these cases, the TLBs are private and their con-
sistency must be maintained. Alternatively, the TLB could be associated with the home node
(SHARED-TLB). In this latter case, the TLBs are shared, map the local memory only, and do not
cause coherence problems. However, because the home node is selected with the virtual address
the programmer has no control over page location and page migration is impossible. Because page
placement cannot be optimized for locality, capacity misses are remote most of the time resulting
in poor performance for applications whose significant working set does not fit in the second-level
cache.

3.2.2 Dynamic Address Translation in COMA

The design options for dynamic address translation and their trade-offs in COMA[44] are
different than in CC-NUMA. Locating the TLB at the memory in a COMA does not affect the
latency of capacity misses much because of the automatic migration and replication of memory
lines. We compare five schemes called LO-TLB, L1-TLB, L2-TLB, L3-TLB and V-COMA. These
schemes are illustrated in Figure 3.2.

The LO0-TLB scheme is the traditional dynamic address translation design in most current
processors[83][92] and the habitual scheme for a physical COMA. Every memory address issued
by the processor is translated by the TLB. All caches and the attraction memory are physically
addressed.

23



The L1-TLB scheme puts the address translation mechanism after a virtual FLC (first-
level cache), but before a physical SLC (second-level cache) [85]. Backpointers in the physical
address SLC are needed to maintain inclusion. The LO-TLB and L1-TLB schemes are not very dif-
ferent for CC-NUMA and COMA.

In the L2-TLB scheme both FLC and SLC are virtual address caches. The software-man-
aged address translation scheme proposed in [42] can be seen as an L2-TLB scheme which has 0
entry and traps the processor on every SLC miss. The L2-TLB scheme for COMA is different than
the L2-TLB scheme for CC-NUMA in that backpointers are needed in the attraction memory to
maintain inclusion.
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Figure 3.2. Possible Locations of the TLB in COMA

In a COMA the attraction memory acts as a cache and may also be virtually indexed and
virtually tagged. In the case of L3-TLB, address translation is postponed until a miss in the local
node, as shown in Figure 3.2. The coherence protocol is maintained with the physical address,
which points to the home node.

In a typical COMA, the attraction memory in every node is divided into an equal number
of sets. A global set is made of all the sets with the same number in all attraction memories, as is
illustrated in Figure 3.3 where each attraction memory is 4-way set associative. The size of a glo-
bal set increases linearly with both the number of processing nodes and the set size in each attrac-

tion memory.
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Figure 3.3. Set and Global Set



For a physically indexed attraction memory a virtual address can be mapped into different
global sets depending on the virtual-to-physical address mapping. By contrast, in the L3-TLB
scheme, a data block is restricted to reside in the global set indexed by its virtual address. The
number of slots for a given block is limited by the size of a global set. A page occupies the same
slots in consecutive global sets, so that we can also speak of theslot of a page. The global page set
is made of all the contiguous global sets in which the blocks of the page can reside. The number of
slots for a page is limited by memory pressure, which is given by the number of slots occupied in a
global set divided by the size of the global set. When the pressure approaches 1, replication in the
global set is inhibited. Therefore, if the pressure in the global page set to which a new page maps is
too high, a page must be swapped out even though the pressure in other global page sets islow. In
a nutshell, the virtual-to-physical address mappings are set-associative instead of fully associative
and the set size is equal to the size of a global page set.
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Figure 3.4. Page Coloring in the Attraction Memory for L3-TLB

This page allocation strategy is equivalent to page coloring applied to the attraction mem-
ory. Page coloring allocates virtual pages to physical pageframes sharing the same least significant
bits so that the virtual address and the physical address index to the same set of the cache[51]. As
shown in Figure 3.4, if the virtual and the physical addresses have the same color, the set index for
the data in the physically indexed attraction memory is determined to be the same as in the virtu-
ally indexed attraction memory. The most significant bits of the physical page number contain the
slot number. The maximum number of slots of each global set is given by the number of proces-
sors multiplied by the associativity of each attraction memory.

3.3 Virtual COMA (V-COMA)

In L3-TLB a TLB is still private to a processor node, which means replication of TLB
entries across nodes and TLB consistency enforcement. We propose to move the address transla-
tion into the home node and to integrate it with the cache coherence protocol as shown in Figure
3.2. In this new design, which we call V-COMA, the support for address translation is located at
the home node.

In V-COMA the attraction memory is accessed as in L3-TLB, but the directory at the
home node is accessed with virtual addresses instead of physical addresses. Thus, as in SHARED-

TLB, the home node is fixed by the virtual address. Because its architecture is not conventional,
V-COMA is described further in the next section.
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