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ABSTRACT

USING SET SAMPLING FOR LEVEL THREE CACHE STUDIES

Niki C. Thornock
Department of Computer Science

Master of Science

In single processor systems, one or two cache levels are sufficient to reduce the perfor-
mance gap between the processor and main memory. With the increasing popularity
of multiprocessor systems, this level of caching is becoming inadequate; adding a
third, very large cache (level 3 or L3) seems a likely candidate for reducing the per-
formance gap. Simulation, especially trace-driven simulation, is a frequently used
method of testing new cache configurations. Creating a simulator is fairly straight-
forward but it is difficult to obtain the long, accurate traces necessary for simulating
extremely large L3 cache systems used in current and future multiprocessor systems.

We discuss some of the difficulties present in trace collection and trace-
driven cache simulation. We then describe our multiprocessor tracing technique and
verify that it accurately collects long traces. We investigate time sampling and two
types of set sampling and conclude that the second set sampling technique achieves the
most accurate results. The miss rate for the second set sampling method is calculated

as the number of misses to sampled sets divided by the total number of references



scaled by the sample size. We found that the sampling accuracy depends on the
workload: if the workload warms up the cache, the sampling technique is accurate for
all cache configurations. If the workload does not warm up the cache, the sampling
technique is only accurate for very associative caches. We determined that the 10%
sample size was the most accurate. Our chosen sampling method reduces required
disk space, enables simulations to run faster, and effectually enlarges the trace buffer

of our hardware monitor, decreasing trace distortion.
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Chapter 1
Introduction

Processor speeds are increasing at a much greater rate than memory speeds. The
resulting difference causes a bottleneck in the system that decreases performance.
With the increasing popularity of multiprocessor computers, the bottleneck is be-
coming even worse. Researchers are searching for ways to reduce this problem. Since
it is now common to have two caches (level 1 and level 2) integrated onto each pro-
cessor chip, adding a third, very large, off-chip cache (level 3 or L3) seems a likely
candidate for reducing the bottleneck.

Simulation, especially trace-driven simulation, is a frequently used method
of testing new cache configurations. A cache configuration generally consists of cache
size, line size (the amount of data stored for each address requested) and associativ-
ity (the number of lines in one row of the cache). Creating a simulator is a fairly
straightforward, albeit very time consuming, task. The difficulty lies in obtaining the
long, accurate traces necessary for simulating extremely large L3 cache systems used

in current and future multiprocessor systems.

1.1 Background

For our purposes, a trace is a stream of successive address requests containing refer-
ences for memory reads, writes, and instruction fetches. There are several different
trace collection methods: for example, instruction modification [1, 2, 3], microcode
modification[4], single stepping [4], processor simulation [5], and hardware monitors
[6, 7, 8]. These methods introduce four types of errors into collected trace data,

(1) missing operating system references, (2) absent multitasking behavior, (3) time



dilation, or (4) short traces [9]. These introduced errors mean that simulation runs
are not completely accurate. A hardware monitor which overcomes many of these
problems is described in [10, 11], but this technique requires frequently halting the
system under test (SUT). Thus, although this type of hardware monitor eliminates
the four problems mentioned above, it introduces the potential for new errors due to
halting the SUT.

One major disadvantage associated with trace-driven simulation is the large
storage requirements of long traces. Another disadvantage is the long run times of
simulations. Sampling, a statistical method where a selected fraction of a population
is used to represent the whole population, is a technique that partially overcomes
these disadvantages. Sampling has been demonstrated to work effectively with first-
and second-level caches in single processor systems [12, 13]. Sampling has three
potential advantages. It reduces disk space needed to store traces, enables simulations
to run faster, and effectually enlarges trace buffers of hardware monitors. We will
investigate whether the sampling techniques described in [12] perform acceptably
when simulating 1.3 caches in multiprocessor systems.

This paper will proceed in the following order. Chapter 2 discusses caches
and trace-driven simulation. Chapter 3 discusses some of the issues associated with
tracing. Chapter 4 describes and evaluates our technique for tracing multiprocessor
systems. Chapter 5 gives a general description of sampling and describes our imple-
mentations. It also presents the results of our sampling study. Chapter 6 presents

our conclusions and lists possible future work.

1.2 Summary of Contributions

This thesis is valuable because it describes a multiprocessor tracing mechanism. This
mechanism enables us to provide researchers with multiprocessor traces which were
previously unavailable. This work also shows that certain types of sampling may
be used in place of full traces. The sampling techniques provide several advantages:
reduction of disk space needed to store traces, faster simulations, and an effectual

increase in the buffer capacity of hardware monitors.



Chapter 2

Cache Memory and Trace-Driven

Simulation

Cache memory is used to increase the performance of computer systems by reducing
the apparent delay of accessing memory by the CPU. The effectiveness of the cache in
providing the CPU with requested data depends on the workload or type of program
being executed and the cache configuration.

Trace-driven simulation is used to determine the performance of a particu-
lar cache design or permit a designer to evaluate various cache organizations to meet
a performance goal. In this chapter, both cache memory and trace-driven simulation

are described.

2.1 Cache Memory

Computer systems consist of several units, including a central processing unit, mem-
ory, buses, disk drives, etc. Modern central processing units, or processors, have the
capability of executing instructions and accessing data faster than main memory can
supply them. In order to supply the processor with the requested information in a
timely manner, a small, high-speed memory, known as a cache, is placed between the
processor and main memory. The cache contains instructions and data that are used
often by the processor. If the processor requires an instruction or data item that is
contained in the cache, the penalty for accessing memory is avoided. If the cache can
satisfy a high percentage of CPU requests, many delays are avoided and performance

is increased.



2.1.1 Cache Configuration

Several parameters are used to characterize cache memories:

e cache size, usually expressed in Kbytes

e cache line-size, expressed in bytes

e cache set-associativity
e replacement policy

e write policy.

Cache Memory Organization

2 dots
set-associativity = 2
0 Tag : Data Tag Data
1 Tag Data Tag Data
2 Tag Data Tag Data
8 sets 3 Tag Data Tag Data
4 Tag Data Tag Data
5 Tag Data Tag Data
6 Tag Data Tag Data
7 Tag Data Tag Data

Processor Address Components

Tag

Set Selector

Line Offset

Figure 2.1: Cache memory organization and processor address components

A cache line can be thought of as having two fields. The first field is the tag; the
second field is the data associated with the tag. The line-size describes the number of
bytes of data stored in the data field of the cache line. The rows or sets of the cache,
shown in Figure 2.1, contain N lines, where N is the cache set-associativity. The

cache size is equal to the product of the number of cache sets, cache set-associativity,

and cache line-size.




The addresses generated by the processor (i.e. the processor address in
Figure 2.1) are separated into three components for accessing the cache. The right-
most component is the offset used to access the proper part of the selected cache line.
The middle field is used to select the proper row or set. The leftmost field is the tag
used in comparison with all the cache tags in the selected set. The tag contained in
the processor address is compared to all of the cache tags in the selected set simul-
taneously. If a match is found, the line contains the requested data, resulting in a
cache hit. It all comparisons fail, the desired data is not in the cache, resulting in a
cache miss. A cache miss is serviced differently, depending on the cache replacement

and write policies, described below.

Cache write policies involve issues of when to write data to memory and
how to allocate cache lines on writes. The most common algorithms for writing data
are write-back and write-through. Write-back caches have an additional bit assigned
to the tag field of each cache line. When this bit is set, it indicates that the data
contained in the cache has been modified or is dirty. If a dirty cache line needs to
be replaced, it must first be written to memory. In contrast, write-through caches
simply allow writes to pass through the cache each time they are generated by the
CPU. Write-through caches are simpler to design, but when many writes to the same

memory location are generated, the write-back cache yields superior performance.

An allocate-on-write cache policy implies that when the processor writes
data resulting in a cache miss, a line is provided in the cache to store this data. If
allocation of cache resources is not made on a write miss, the data is written directly

to memory.

In addition to the cache write policy, decisions must be made about which
cache lines to replace when necessary. If a cache miss occurs and all the lines in the
appropriate set contain valid data, something must be removed from the cache. The
algorithm used to select the line to remove from the cache is known as the replacement
policy. The most common algorithms are random, least recently used (LRU), or some
form of pseudo LRU. The LRU algorithms require a time stamp to be stored with
each cache line and updated each time the line is accessed. When a replacement
is necessary, the oldest line in the appropriate set is selected. This algorithm relies
on the concept of temporal locality, discussed later in this chapter, to yield good

performance.



On a cache miss, if all the lines in the appropriate set are valid, (i.e. contain
valid instructions or data) a replacement must be chosen. If the chosen line is dirty
and the write policy is write-back, the line is written back to memory and the new

line is returned to the CPU and stored in the cache for future use.

2.1.2 Cache Effectiveness

Caches are small compared to main memory and are most effective in reducing the
apparent memory access time if a high percentage of requests are found in the cache.
For this to be true, the workload must exhibit a high degree of temporal and spatial
locality.

The execution of loops, function calls, and similar constructs forces a pro-
cessor to reference the same addresses many times. The more often this type of
behavior occurs, the higher the temporal locality. Specifically, if location X is ad-
dressed, then a request for location X in the near future is very likely. Spatial locality
is the tendency for accessing memory locations that are physically close to those al-
ready accessed. For example, if address X is accessed, then address X + 1 is likely to
be requested in the near future.

Caches are designed to take advantage of both temporal and spatial local-
ity. Temporal locality is taken into account by using large caches and by increasing
the set-associativity. Increasing the size and set-associativity increases the probability
that the requested data will still be in the cache when it is requested again. Spatial
locality is dealt with by increasing the cache line-size. If the line is large enough to
hold two processor requests such as X and X + 1, the processor may wait for X, but
a future request for X + 1 will be serviced immediately.

To optimize the performance of a memory hierarchy, a performance metric
must be used. The most common metric used in the literature is miss rate. The
miss rate of a cache is simply the number of misses divided by the number of cache
accesses. Optimizing the performance of a memory hierarchy is very difficult due to
the number of configuration and workload parameters. It is necessary to adjust the
cache size, line-size, and set-associativity for each workload that exhibits different
spatial and temporal locality characteristics. It may not be possible to identify an
optimal cache configuration for all workloads.

As processor speeds have continued to increase, a single cache has become

inefficient and additional caches have been added. This is known as a cache hierarchy.



If a memory address is not found in the first cache, a second larger cache is referenced.
Additional caches of increasing size can be added. The cache closest to the CPU is the
first level cache (L1); the next cache is the second level (L2) and so forth. Some caches
can be integrated onto the processor chip for increased performance. The advantage
of a cache hierarchy is that it increases the chances of a hit. The disadvantage is that
if the requested data or instruction is located in main memory (a miss) it takes a very

long time to access, since each cache level must be accessed.

2.2 Trace-Driven Simulation

A simple memory hierarchy is shown in Figure 2.2. This particular configuration
includes a central processing unit, a unified data and instruction cache, main memory,
and several buses. To estimate the performance of this system using trace-driven
simulation, two items are needed: a simulation model and input trace data that
represents the memory references produced by the CPU. For our purposes, a trace
is a stream of successive address requests containing references for memory reads,

writes, and instruction fetches.

CPU

CACHE

MEMORY

Figure 2.2: A simple memory hierarchy for simulation

The simulation model can have varying degrees of complexity and time
accuracy. If the model is simple then the simulation results may be inaccurate; but if
the model is overly complex then the simulation time will be long. A simple simulation
model of the configuration shown in Figure 2.2 may consist of a program to represent

the cache memory. The buses and memory components are assumed to have little



impact on simulation results. This cache simulator will use the input trace data rather
than receiving its input from the CPU. This data represents the references that would
have been generated by the attached processor.

The simulation model is written in some programming or simulation lan-
guage and then compiled to generate the executable simulation tool. General trends
may be observed using simple models while precise performance estimations may re-
quire extremely accurate modeling. While the accuracy of the simulation model is
controlled by the user, the accuracy of input trace data typically is not.

The input trace data is meant to represent the actual reference stream
produced by a CPU during the execution of some program(s). The information con-
tained in the trace depends on the information needed for the desired simulation.
Simple cache models may require only basic information, such as memory addresses
and information distinguishing a read request from a write request. More sophis-
ticated models may require the data values, other control values, and even timing
information to be present.

Researchers have control over the accuracy of their simulation models, but
they have little control over the accuracy or completeness of the input trace data. The
inaccuracies of available trace data are not well understood and the impact of these
inaccuracies on simulation results have received little attention with few exceptions

[10].

2.3 Summary

Cache memory is used to increase the performance of computer systems by reducing
the apparent delay of accessing memory. The effectiveness of the memory hierarchy
depends on cache configuration and workload characteristics. Different workloads
display various spatial and temporal locality characteristics that require adjustments
to the cache configuration to maintain a particular level of performance.

To determine the performance of a particular cache configuration, trace-
driven simulation can be used. This simulation methodology requires a simulation
model and representative input trace data in order to yield accurate results. While
researchers have great control over the accuracy of their simulation models, they have

little control over the accuracy of the input trace data.



Chapter 3
Trace Collection Techniques

In this chapter, the five major trace-gathering techniques are described. These include
instruction modification, microcode modification, single stepping, processor simula-
tion, and hardware monitors. Each method introduces errors into the collected trace
data. The types of errors that are introduced and the tracing techniques that generate
each type are described.

Instruction modification or inlining [1, 14, 15] is used to collect trace data
by supplementing source [16], object [1], or executable code [17] with instructions that
write the trace information to a buffer or file. The collected information consists of
virtual addresses and control information. The added instructions are placed at the
beginning of each basic block of code. In addition to the starting address of the basic
block, the length is determined and stored. This is sufficient to create an address
trace using post-processing. The acquisition of data references requires even more
additional instructions which are difficult to generate for complex addressing modes.

Microcode modification techniques produce trace data by modifying the
micro-routines that produce memory references. The ATUM technique, described in
[4], modifies each micro-routine to store address information to a reserved portion of
memory in addition to its normal operation. A major disadvantage of this technique
is that it can be used only on machines that have writable control store, such as the
VAX architectures.

Some processors have built-in tracing mechanisms which make it possible
to single-step through a program. In the VAX architecture, for example, setting the
T-bit causes the processor to trap at the beginning of each instruction. A user-level
tracing routine can then be invoked that records the address of the next instruction.

Data references can be obtained by executing the instruction using an interpreter.



A processor simulator is a simulation model that represents an entire com-
puter system. This model can be used to execute applications and produce address
traces [5].

Hardware monitors collect address traces by passively monitoring the sig-
nals generated by the target CPU [18, 19]. These signals are stored in the hardware
monitor’s local memory until the buffer is full. When full, the buffer is emptied to
secondary storage.

Two hardware monitoring devices have been described in the literature.
Monster [7] from the University of Michigan uses a logic analyzer to monitor the
pins of a MIPS R2000 processor. This device is not used to collect all memory
references, but instead is used to measure the amount of time between annotation
marks: the operating system and user processes are instrumented to produce these
special references at key locations for use in various studies.

The hardware monitor mechanism developed at Stanford University [8]
is used to study synchronization behavior in a multiprocessor environment. This
device is capable of monitoring the bus activity of a multiprocessor Silicon Graphics
Workstation with a time resolution of 60 nanoseconds. The monitored activity is
collected on the memory side of a 64-Kbyte instruction cache and a 64-Kbyte first level
and 256-Kbyte second level data cache. This mechanism is not capable of collecting
a complete trace because of the intervening cache memories.

Researchers at Brigham Young University developed a hardware monitor
[10] which collects very long traces. The monitor (BYU Address Collection Hardware
or BACH) is supplemented by a small amount of software. It collects both user
and operating system references as well as all multitasking activity. The hardware
monitor is capable of stopping execution long enough for the current portion of the
trace to be downloaded to another machine; execution is then allowed to continue.
Since execution is temporarily halted, the trace sections are contiguous and together

they make up a very long, continuous trace.

3.1 Trace Distortions

Each of the trace-gathering mechanisms discussed above results in traces that con-
tain errors and distortions. The four major distortions are missing operating system

references, absence of multitasking behavior, time dilation, and short traces. These

10



errors result in traces that are not representative of the stream of references generated
in a real system environment. The discrepancy between the stream of references in a
real system and those generated by previous tracing techniques introduces errors in

cache simulation results.

3.1.1 Missing Operating System References

An operating system that supports multitasking generates references in response to
device interrupts, system calls, and exceptions. In addition, the operating system
is responsible for managing resources and process scheduling. The absence of this
information in trace data is a severe distortion and has been shown to dramatically

alter cache simulation results[10].

Instruction modification techniques do not capture operating system refer-
ences. On architectures that support complicated addressing modes, the instrumen-
tation of the kernel is extremely complex. The inserted code increases the size of the
operating system kernel to the point where performance or correct functionality is
lost. For example, a critical section that must be short to maintain reasonable system
performance may dramatically increase in size with the addition of the instrumenta-
tion code. For critical sections that must quickly respond to external asynchronous
events, the execution of the added instructions may alter the timing sufficiently to

destroy proper functionality.

Single stepping techniques cannot capture all operating system activity
because they rely on interrupts to trap after each instruction. In a critical section of

code, interrupts must be disabled, resulting in lost references.

Traces collected using processor simulation techniques lack operating sys-
tem references because the amount of work involved in creating a credible simulator,
assembler, compiler, and debugger necessary to develop an operating system is pro-
hibitive. In addition to the processor, other devices such as main memory and 1/0
devices, must be simulated accurately to support the operating system. The com-
bination of accurate processor, memory, and 1/O device simulations results in slow
execution of operating system and user applications. This slowdown results in unac-

ceptable amounts of time required to collect sufficiently long traces.

11



3.1.2 Missing Multi-Tasking Behavior

A multitasking operating system switches from one user application to another. This
behavior reduces cache memory performance due to competition for cache resources
among different user-level processes.

Traces that are collected using instruction modification techniques in gen-
eral lack multitasking behavior. The exception is data collected using the technique
that does the instrumentation at the object code level [1]. The executable and source
code implementations write trace data to independent files for each user process being
traced. The proper interleaving of the memory references due to multiprogramming
behavior is lost. The object code implementation has solved this difficulty by writing
trace data to a single buffer. Each process writes into the buffer; the resulting stream
of references is ordered properly. Single stepping techniques lack multitasking activ-
ity for reasons similar to those of the source and executable implementations of the

instruction modification techniques.

3.1.3 Time Dilation

Several of the tracing techniques rely on the addition of instrumentation code to
gather traces. During the execution of an instrumented process, the inserted code
must be executed and this increases its run time. Time dilation is the ratio of the
execution time of the instrumented process to that of the original code. In addition
to increasing the run times of processes, time dilation may change the order in which
processes are scheduled.

Instruction and microcode modification techniques suffer a time dilation
of approximately 10:1. The single stepping approach has a time dilation of 100:1,
while the processor simulation approach suffers a time dilation of 1000:1. The BACH
technique suffers a very small amount of time dilation. The hardware monitoring

technique is the only method that suffers no time dilation.

3.1.4 Short Traces

Cache simulation results are misleading when short trace data are used as input. The
cold start miss rate is high compared to the average miss rate using a long trace.
As larger cache memories are simulated, longer traces must be used to minimize the

effects of the initial transient behavior on simulation results.

12



The microcode modification and traditional hardware monitor techniques
both suffer from short traces. Both methods collect trace data in a buffer which
eventually fills and must be emptied. While the buffer is emptied, the machine being
traced continues to run. Since the concatenation of the buffers does not represent
continuous execution, the transient behavior of the trace data skews cache simulation

results.

3.2 Summary

The traces that result from the previous tracing techniques suffer from at least one
of the errors or distortions discussed in the previous section. Table 3.1 summarizes

the advantages and disadvantages of each tracing technique.

Trace Distortions Features
Techniques OS|MT | TD | TL EX | V/P
Source Code Inlining no | no 10:1 | no limit | yes | V
Executable Inlining no | no 10:1 | no limit | yes | V

Object Code Inlining no | yes 10:1 | no limit | yes | V
Microcode Modification || yes | yes 10:1 | 400 K refs | yes | V/P

Single Stepping no | no 100:1 | no limit | yes | V
Processor Simulation no | no | 1000:1 | no limit | yes | V/P
Hardware Monitors yes | yes 1:1 | 16 M refs | no P
BACH yes | yes 1:1 | no limit | yes | V/P

OS Are operating system references present in the trace data?
MT Is multitasking activity present?
TD Time dilation associated with common implementations of this
technique
TL Length of contiguous trace segments produced by common
implementations of this technique
EX Is extra information present in the trace data such as PID
numbers and context switch points?
V/P  Are the trace references physical or virtual addresses?

Table 3.1: Summary of previous tracing techniques

13
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Chapter 4
Multiprocessor Tracing

Trace-driven simulation is very accurate if both the model and input data represent
the real system under test. The accuracy of the model is typically under the control
of the researcher. Unfortunately, many researchers do not have the facilities to collect
accurate data and good data is difficult to acquire from other sources [1, 10, 20, 21].

Long, accurate traces are desirable, but not generally available to the re-
search community and the inaccuracies of available trace data are not understood.
For this work, we use a hardware monitor designed to collect address traces from a

Hewlett-Packard SMP system containing four Intel Pentium Pro processors.

4.1 Trace Collection Technique

Our technique uses a Tektronix TLA520 logic analyzer to collect trace data. We also
require two parallel I/O cards for the system under test (SUT) and a workstation
which is used to process the trace data. These items are used to implement a system
similar to the BACH system described in [10, 11]. Our hardware monitor is identical,

but the required software is substantially modified to enable its use in SMP systems.

4.1.1 Logic Analyzer Configuration

The logic analyzer is connected to a probe! which fits between one of the processors
and its socket and forwards signals from the SUT to the Tektronix logic analyzer
(TLA). The probe monitors the address, data, and control lines from all four proces-

sors via the shared bus. It collects signals after the L2 cache since both L1 and L2

'TLA 92DM16A Pentium Pro Probe Adapter from Tektronix.

15



caches are integrated on the Pentium Pro processor. This does not pose a problem for
this work since we are interested in determining if sampling is useful for evaluating
L3 caches.

Figure 4.1 shows a typical setup that consists of the machine being traced
(SUT), TLA520, and a workstation for collecting the acquired data. When enabled,
the TLA520 monitors the pins of the SUT, storing timing, address, and control infor-
mation in an internal buffer; the buffer is 512 K entries long. When the buffer fills,

the workstation downloads the trace for storage or processing.

Halted
System TLAS20 Download )
Under ! Workstation
Test Trace
-
e Start
M ?O
(Module Sync Out)

Figure 4.1: Communications between SUT, TLA520 and a workstation. This tracing
setup is identical to the BACH system, but the SUT device driver that handles the
MSO signal is substantially different.

4.1.2 Operation and Organization

Table 4.1 shows a typical tracing session. The left column shows the SUT’s operation,
the middle column is the TLA520’s, and the right column is the workstation’s. Start-
ing at the top of the figure, the TLA520 begins collecting trace data when enabled.
The TLAb520 continues to monitor the CPU pins, identifying bus transactions and
recording each transaction it is configured to save.

We use a technique that overcomes the trace length limitation of previous
hardware monitors. When the TLAb520’s internal buffer is almost full, it sends a
signal through Module Sync Out (MSO), a line connected to the interrupt line of a
parallel I/O card located in the Eisa slot of the SUT. This is a low priority interrupt
which allows the SUT to finish other higher priority interrupts before responding.
The buffer does not overflow under normal operating conditions. After all other
devices have been serviced, the SUT enters an interrupt routine, disables interrupts,

and spins in a tight loop. While it spins, it sends a continuous signal back to the

16



‘ Step H SUT ‘ TLA520 ‘ Workstation H

1. Execute process Collect Trace

2. MSO interrupt

3. Wait for processors

4. Interrupt Ack.

5. Halt, loop Halt Download
6. Start TLA
7. MSO interrupt

8. Exit loop

9. Interrupt Ack.

10. Return to Step 1.

Table 4.1: Steps for Creating a Contiguous Trace

TLA indicating that it has halted. When the TLA receives this signal, it raises
MSO and stops collecting traces. The workstation has been waiting for the TLA to
halt and it promptly downloads the buffer over the network and restarts the TLA.
The buffer contents may be stored to secondary storage media or processed while
being extracted. The TLA lowers MSO to signal the SUT that it’s ready to collect
another buffer. The SUT stops asserting its signal and resumes processing. The TLA
raises MSO and proceeds to collect another buffer. This process may be repeated
as many times as desired, producing a contiguous trace. The difference between the
single processor technique used in [10] and the multiprocessor technique used here is
that it is necessary to wait until all four processors have entered the interrupt loop
before continuing. A complete state diagram describing this technique can be found

in Figure A.1 on page 42.

4.1.3 System Under Test

The system under test is a Hewlett-Packard NetServer LX Pro symmetric multipro-
cessor with four Intel Pentium Pro processors. It has 16 gigabytes of disk and 1
gigabyte of memory. Each processor has on-chip L1 and L2 caches. The L1 caches
are 8 Kbyte, four-way associative instruction and data caches; the 1.2 caches are 512
Kbytes and 4-way set associative. The system is running Microsoft Windows NT
Server 4.0 with Service Pack 3. It also has two parallel I/O cards in its Eisa slots as

part of the trace collection mechanism.
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4.1.4 Trace Download and Storage

We used a workstation running HP-UX for this stage. The workstation is responsible
for storing or processing the data. Once the TLAb520 has collected a buffer of data
and halted, the data is downloaded to the workstation. While the TLA520 collects
another trace, the workstation strips a header off of the data, compresses and stores

it.

4.2 SUT Modifications for SMP Tracing

We have developed a device driver that temporarily halts the SUT, disables interrupts,
and communicates with the logic analyzer via two parallel I/O cards.

We inserted two parallel 1/O cards? into the Eisa slots of the SUT. The
interrupt lines from each card were wired together, and so were the interrupt enable
lines. The cards use a jumper to select the interrupt. We set two jumpers on each card,
allowing us to cause four simultaneous interrupts. (We originally set four jumpers
on one card, but the card could not consistently assert all four interrupt lines.) The
logic analyzer’s module sync out (MSO) signal was attached to the interrupt line via
a J-K flipflop. The flipflop has the J and K inputs tied together in order to form a
toggle flipflop. It provides a constant signal and toggles whenever the MSO signal is
pulsed.

We developed a device driver that has four interrupt service routines (ISRs).
Each ISR is assigned to a specific processor so all four processors are involved. When
the logic analyzer causes an interrupt, the processors enter the ISRs after processing
higher priority interrupts. Three of the ISRs are identical slave routines. The pro-
cessor enters the ISR, checks to make sure that its device caused the interrupt then
elevates its interrupt status to the highest possible setting. Not even the system clock
can cause an interrupt so the machine is unaware that time is passing. The processor
then sets a global variable and spins, waiting for the variable to be cleared. (Each
slave routine has its own variable.) When the variable is cleared, the ISR restores its
interrupt status to its original setting and exits the interrupt routine.

The master interrupt routine is somewhat more complex. It enters the
routine, verifies that its device caused the interrupt and raises its interrupt status

to the highest level. Then it spins and waits for the slave signals to be set. When

2CI0-DI024 available from ComputerBoards, Inc.
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all three signals have been set, it acknowledges the logic analyzer’s signal,® waits for
the signal to go low, then spins in a tight loop while the logic analyzer downloads
its buffer to a workstation. When the logic analyzer is finished, it asserts MSO. The
master ISR acknowledges the signal and waits for it to go low (which means the logic
analyzer has seen its signal). It then clears the slave signals, lowers its interrupt level

and exits the routine.

4.3 Verification and Evaluation

After implementing our technique, it was necessary to verify that halting was possible

in an SMP system and measure the trace perturbation caused by the halting.

4.3.1 Verification

Once we had developed our halting mechanism it was important to verify that it
actually worked. We wrote a program that spun in a loop, incrementing a counter
and writing the value to an 1/O port. When the counter reached 0xFFFF, it rolled
over to zero. The upper 16 bits of the counter were fixed, so we could identify it in
the trace. We chose an 1/O port because it’s non-cacheable so all values would appear
in the trace. We configured the logic analyzer to collect a thousand buffers of the
counter program (256 million references). The logic analyzer would obviously collect
consecutive counter values within a buffer. If the halting mechanism did not work
correctly, we would find non-consecutive counter values between consecutive buffers.
We analyzed the collected trace and found that the counter values between buffers
were consecutive in all cases. We collected another thousand buffers and achieved
identical results. We concluded that the halting mechanism worked correctly.

As a further illustration, we contrast the working halting mechanism with
the earlier, incomplete halting mechanism. As part of the debugging process, we
opened several programs in various windows so that we could tell if a processor was
halted. One window contained a clock program. When we tried to halt the system,
a window would freeze or the mouse would freeze and occasionally the entire screen
would freeze, indicating that at least one processor had halted. Once we released the
halting mechanism, the clock would jump ahead to the correct time. This is significant

because it showed that the clock interrupt was being processed even if it wasn’t being

3TLA520 channel BTM_DF is used for this purpose.
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updated on the screen; this meant that at least one processor had not been halted.
We could tell that all four processors were halted when we could release the halting
mechanism and have the clock continue running as if nothing had happened. We
mention the clock interrupt in particular because it has one of the highest interrupt
levels; if it were possible for our halting mechanism to be interrupted, the clock

interrupt would do so.

4.3.2 Limitations

Although we can effectively halt the processors, we can’t halt the peripheral devices.
Since the processors are halted for approximately 30 seconds for downloading, the
I/O devices have plenty of time to complete any pending requests. As a result, at the
beginning of each buffer, there are a number of interrupts waiting to be processed.
As noted in an earlier version of this technique [10], this distortion is negligible. Since
the distortion occurs at the beginning and end of each buffer, a deeper buffer would
clearly be beneficial. The halting also makes it difficult to trace real-time applications

such as interactive games.

4.4 Summary

We have designed and implemented a trace collection mechanism that collects long,
contiguous, and accurate traces with negligible amounts of distortion. Trace distor-
tions could be reduced further if a larger trace buffer were available. The following
section describes sampling, a technique that effectually enlarges the buffer size for

trace-driven cache simulations.
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Chapter 5
Sampling

In this chapter we will discuss time sampling and two types of set sampling. We
will define a metric for accuracy and then compare the results of the sampling tech-
niques for various workloads and determine which method produces the most accurate
results. We will then describe a method for determining whether a workload has char-

acteristics which are amenable to sampling.

5.1 Sampling Methods

Sampling is a statistical process of using a subset (or sample) of a population to
represent the whole. It is possible to directly compute characteristics of the population
like the mean or standard deviation. When we take a sample of a population we can
calculate the sample mean and use it as an estimate of the real mean. We would like
to verify that sampling works so that we can integrate a sampling method with the
trace collection mechanism or use it in cases where complete trace collection is not
possible.

Since trace perturbations occur at the ends of buffers, we would like to
make the buffers very large. This is not always physically possible so we would like
to fit as much information as possible into a single buffer. We will accomplish this by
sampling the trace. Sampling has three potential advantages. It reduces the needed
disk storage space, enables simulations to run faster, and effectually enlarges the trace
buffer.

When we collect a complete trace, we are able to directly calculate the

miss rate by running it through a cache simulator. Two possible sampling methods
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would be to take pieces of the trace and run them through a cache simulator or to
only look at certain sets in the cache during simulation. If we take pieces of the trace,
it eliminates the need to halt the SUT. A buffer could be collected as usual, but
instead of halting the SUT as the buffer is saved to disk, the SUT would continue to
run. After the buffer is saved, another can be collected, and so forth. If, on the other
hand, we choose to sample cache sets, we can do this by only acquiring references
to the selected sets. This can be accomplished by using a bit mask on the cache set
bits. This will take less storage space than a complete trace and effectually enlarge

the trace buffer.

Time sampling refers to the option of taking pieces of the trace and feeding
them through a simulator. If we want to use 10% of the trace, we will send every
tenth buffer through the simulator and calculate the miss rate. Time sampling was
successfully used in [13, 22]. Time sampling eliminates the need to halt the SUT and

therefore decreases trace distortions.

Set sampling refers to selecting certain sets in the cache. Upon entering
the cache, an address is broken into three parts, tag, set selector, and line offset. The
set selector bits choose which set the address maps to. We will use a bit mask on
the set selector to filter the trace; if the selected bits match the given pattern, that
address will be sent through the cache simulator. We placed the bit mask on the
low-order bits of the set selector bits to get the maximum distribution of addresses.
The pattern was chosen arbitrarily. If either of the set sampling techniques described
below prove to be useful, we can integrate the bit mask into our trace collection
mechanism, allowing us to collect only the references that map to the desired sets.
This effectually increases the size of the trace buffer and will allow the CPU to run
longer before it is halted.

The problem of choosing which pieces of the trace to take or which sets
to focus on is non-trivial. Another problem is the sample size: deciding how much
of the trace or how many sets to use. If we only use a small fraction of the trace
we won't get very accurate results, but if we use a very large fraction of the trace,
the size improvement isn’t worth the effort it takes to do the sampling. As a basic
heuristic, we decided that the sample miss rate should be within 10% of the real miss
rate using at most 10% of the trace. We will first look at several methods of choosing

which trace pieces or cache sets to focus on.

We will investigate two set sampling techniques. In the first technique
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(setl), we filter the trace as described above and keep track of misses and references
to the selected sets. In this case, the estimated miss rate is calculated as the number

of misses to the selected sets divided by the number of references to the selected sets.

SampledMisses

1
SampledRe ferences (5.1)

In the second technique (set2), we record the number of misses to the
selected sets. Unlike the first technique, we count references to all sets in the cache
and then scale that number by the ratio of sampled sets to total sets. The scaled

number is then used to calculate the estimated miss rate.

SampledMisses
ScaledRe ferences

(5.2)

The first technique could be implemented by configuring the TLA to only
collect references that map to the selected sets. The references could be counted
during simulation. The second technique would use the same configuration with the
addition of a running counter to keep track of all cacheable references. Both sampling
techniques were proposed in [12]; our contribution is demonstrating that sampling is
a viable technique for simulating huge L3 caches in an SMP environment.

The following examples demonstrate how each set sampling method works.
We will use a small 128 byte, 16 byte line, direct-mapped cache for this illustration.
This means that a 16-bit address will consist of 4 offset bits, 3 set bits, and 9 tag bits.
The offset bits are ignored for simulation purposes. There are 8 sets in the cache.
Table 5.1 lists an address trace and the set that each address maps to.

Table 5.2 shows the cache after simulation with the trace. It lists the
addresses for the misses to each set and the number of hits to each set. As an
example, we will use the first set sampling technique with a 50% sampling rate. We
will arbitrarily select the odd numbered sets for our sample. In the trace, this would
include all addresses where the lowest set bit is a one. We can see from Table 5.2
that there are 6 misses to odd sets; adding in the 4 hits to sets 1 and 3 gives us 10
references. This sample has a miss rate of 60%. The real miss rate is 12 / 22 which
is 54.5%.

As a second example, we will demonstrate the second set sampling tech-
nique with a 50% sampling rate. We will again select the odd numbered sets. Again,
there are 6 misses to odd sets. To calculate the references, we note that there are 22

addresses listed in the trace in Table 5.1. Since this is a 50% sampling rate, we will
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Address | Maps to Set || Address | Maps to Set
0x7d91 1 0x9f2a 2
0x7d94 1 0x9128 2
0x7e6b 6 0x9f24 2
0x833b 3 0x9126 2
Oxcche 5 0x9{22 2
0x833a 3 0x9fle 1
0x9339 3 0x9flc 1
0x6604 0 0x9fla 1
0x1604 0 Oxa45h8 5
0x9f27 2 0x7540 4
0x9f21 2 0x5a68 6

Table 5.1: Mapping of addresses in a trace to sets in a cache.

Set# | Misses | # of Hits
0 660, 160
7d9, 9f1
9£2
833, 933
754
ccH, add
Teb, Hab

1| | O = | W DN —
OO OO WO

Table 5.2: Hits and misses to a 128 byte, 16 byte line, direct-mapped cache after
simulating the trace in Table 5.1.
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multiply 22 by 0.5 for a result of 11. The miss rate for this method is 6 / 11 which
is 54.5%.

For both of the sampling techniques, we investigated three sample sizes:
6% (1/16), 10% (1/10), and 25% (1/4). (We note that the 10% size is approximate
for set sampling since the 2" sets will not divide evenly by 10.) The 10% sample size
exactly meets the size criteria. With the 6% size we investigate whether it’s possible
to use a smaller fraction of the trace. The 25% sample size will allow us to investigate

a larger fraction if we can’t get the needed accuracy with the smaller sample size.

5.2 Workloads

We collected traces from several different workloads; the traces were collected after
the L2 cache. The first workload involved 4 instances of MP3 Compressor running
simultaneously. Each instance compressed one of four distinct 500 megabyte sets of
audio files. The trace contained about 350 million references. The second was a
ray tracing program which rendered several different objects with 25 rays per pixell.
This trace contained one billion references. A third workload is Winbench, an address
trace of the Ziff Davis Winbench benchmark running the All Winmarks suite, except
for the disk benchmarks. It had 700 million references. A fourth is Winstone, an
address trace of the Ziff-Davis Winstone 99 benchmark running the dual-processor
inspection tests (MicroStation SE, Photoshop 4.0, Visual C++ 5.0) with 300 million
references. A fifth is an address trace of a demo playback of the Descent video
game with 200 million references. The sixth workload is an address trace of the
Transaction Processing Council Benchmark C (TPC-C) using an Informix database?.
This benchmark is frequently used in the computer industry. We used a 5 warehouse
implementation which exercised the cache thoroughly. The trace contains 1 billion

references.

5.3 Results

As we mentioned previously, we decided that a sampling method must be within 10%

of the actual miss rate in order to be acceptable. Error rates for the miss rates were

!The program was designed and implemented by graduate student David Ashton.
ZSource code was provided by [23].
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calculated using the following formula:

(real — sample)

(5.3)

real

A more accurate result has a lower error rate. We tried sampling ratios of 6%, 10%,
and 25%. We investigated the 25% samples because some of the workloads were not
acceptable at 10% and we wanted to see how much they would improve, given a bigger
sample size. We simulated caches with sizes of 8, 16, and 32 megabytes, line sizes of
32 and 64 bytes, and associativities of 1, 2, 4, and 8. We repeated the studies with

different samples in order to calculate confidence intervals. We used a 95% confidence

level.
MP3 8192 1 32
20 T T T
o o o % % $ 2% 3

15 B
S
1]
g 10 -
1)
L
=

5 - -

0 1 1 1

time setl set2

Sample Type (with 6%, 10%, and 25% sample size)

Figure 5.1: Results of sampling techniques for an 8 megabyte, 32 byte line, direct
mapped cache using the MP3 Compressor workload. The diamonds represent the
actual miss rate. The confidence intervals represent the variation of the sample miss
rates. So the time sampling miss rates were very consistent but they were far away
from the real value. The set sampling miss rates were not as consistent (narrow) but
they were much closer to the real miss rate. We used a 95% confidence level.

Figures 5.1 and 5.2 show the results for the MP3 compressor and figures
5.3 and 5.4 show the results for the ray tracing workload. These graphs are for an 8
megabyte, 32 byte line cache. The other cache configurations had similar results and

are not shown.
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Figure 5.2: Results of all sampling techniques for an 8 megabyte, 32 byte line, 4-way
set-associative cache for the MP3 Compressor workload. The confidence interval of
the time sampling technique is consistently outside of the real miss rate.

Ray Tracing 8192 1 32
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time setl set2
Sample Type (with 6%, 10%, and 25% sample size)

Figure 5.3: Results of sampling techniques for an 8 megabyte, 32 byte line, direct
mapped cache using the ray tracing workload.
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Figure 5.4: Results of sampling techniques for an 8 megabyte, 32 byte line, 4-way
set-associative cache for the ray tracing workload. The expanded view of this graph
is similar to the previous figure. Again, the real miss rate is consistently outside of
the time sampling confidence interval.
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5.3.1 Time Sampling

After analyzing the results, we determined that the time sampling method was un-
acceptable. Although it has a very low variation, the confidence interval does not
include the real miss rate. It has an error rate of 50 to 90 percent for both workloads.

The results from the time sampling technique can be explained by observ-
ing that the working sets for isolated buffers are different. In some cases, a new
buffer is like a context switch in that it accesses completely different cache sets, so
the cache misses several times whenever it gets a new buffer. This large number of
misses is known as a cold start and occurs when the cache is first used as well as after
context switches. A cache is warm when enough blocks have been loaded into the
cache that the miss rate drops to an acceptable level. This startup cost is well un-
derstood [24]. Techniques described in [25] may be useful in improving the accuracy
of this technique.

We note that the sample miss rate for MP3 compression was consistently
higher than the population miss rate, while the ray tracing sample miss rate was
consistently lower. This is because the MP3 working set actually changed between
buffers and caused some cold start misses. Most of the references for the ray tracing

workload went to the same set, so there weren’t as many cold start misses.

5.3.2 Set Sampling

The first set sampling method performed acceptably for the MP3 compression work-
load. Its confidence interval consistently centered around the real miss rate and was
within 10% error for the 10% and 25% sample sizes. It was within 15% for the 6%
sample size. The first method did not do as well for the ray tracing workload. The
confidence interval does contain the real miss rate, but it is skewed, and a smaller
confidence interval could miss the real miss rate entirely. Error rates ranged from
-39% to 210%.

The second sampling method behaved like the first method for the first
workload: its confidence interval centered around the real miss rate and all error
rates were less than 10%. This method also did worse for the second workload. Its
confidence interval centered around the real miss rate but error rates ranged from
-120% to 120%.

Each set sampling method performed acceptably for the first workload and

included the real miss rate in its confidence interval in the second workload. Since
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neither of the set sampling methods is conclusively better than the other, further

investigation is necessary.

5.4 Further Set Sampling Study

Following are the results for the other four workloads: Descent, Winbench, Win-
stone, and TPC-C using the two set sampling methods. The following graphs are for
a direct-mapped cache configuration. The set-associative configurations had similar
graphs with smaller miss and error rates; those graphs can be found in the appendix.
The direct-mapped configurations were invariably worse than the set-associative con-
figurations.

The first set sampling method had centered confidence intervals for all
workloads except for TPC-C. All error rates for the Winbench and Winstone work-
loads were under 10%. The Descent workload had error rates ranging from plus or
minus 9% for the 6% and 25% sample sizes to -18% to +27% for the 10% size. The
TPC-C workload had error rates ranging from -83% to +126%. Error rates for the
set-associative configurations were similar for Winbench, Winstone, and TPC-C. De-
scent error rates for 6% and 25% sample sizes were well under 10% and ranged from
-8% to +12% for the 10% size.

The second set sampling method had centered confidence intervals in all
cases. Its error rates were less than 10% for all sample sizes for the TPC-C, Winbench,
and Winstone workloads. The Descent workload did worse than the other workloads
with error rates ranging from plus or minus 10% to plus or minus 14%. Error rates
for the set-associative configurations were well under 10% for all four workloads. We
conclude that the second set sampling method performs better than time sampling
and the first set sampling method.

The results for the set sampling techniques can be explained by studying
the following graphs. Figure 5.5 displays the number of references to each set in a
direct-mapped cache for the MP3 workload. We observe that the MP3 graph has some
tall spikes. In the first sampling technique, we use the number of references to certain
sets. The chances of selecting a set with a spike are about 1 in 10 for a 10% sampling
size. This means that about 90% of the time, those references will not be included.
In the second sampling technique, we count all of the references and then scale them

by the sample size; this has the effect of distributing the references equally across all

30



MP3 8192 1 32
3e+06 T T T T T

2.5e+06 - —

2e+06 |- B

1.5e+06 -

References

1e+06 [ -

500000 [ B

o L | b \ | Wb inalulbd o Joll Im wal WLM

0 50000 100000 150000 200000 250000
Sets

Figure 5.5: References to all sets in an 8 megabyte, 32 byte line, direct-mapped
cache with the MP3 workload. The first set sampling method counts references to
the sampled sets; some of the spikes will probably not be included so the confidence
interval will be wider than that of the second method. The second method counts
references to all sets and then scales the number by the sample size; since it includes
all references, it has a narrower confidence interval than the first method. Graphs for
other configurations and workloads have similar spikes and are not shown.
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cache sets. This is why the second technique has a narrower confidence interval for

MP3, TPC-C, Winbench, and Winstone.
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Figure 5.6: Misses to all sets in an 8 megabyte, 32 byte line, direct-mapped cache
with the Ray Tracing workload. Since the second set sampling method only counts
misses to the sampled sets, it will likely omit some of the spikes. This method does
not perform well with narrow caches for workloads that don’t warm up the cache.

To see why the second technique has a rather wide confidence interval for
the direct-mapped cache with the Ray Tracing workload, we need to look at two
more graphs. Figures 5.6 and 5.7 are graphs of the number of misses to each cache
set for the Ray Tracing workload. The first graph is for a direct-mapped cache and
the second is for a 4-way set-associative cache. The direct-mapped cache has a very
tall spike similar to those illustrated in Figure 5.5; it will have similar problems. The
set-associative cache has a much lower spike, so the confidence interval is narrower.
The confidence interval gets narrower as the associativity gets wider (see Figure A.7
on page 45).

This indicates that some workloads are more amenable to sampling than
others. The question naturally arises of how to tell if a workload can be sampled
without having to analyze the complete trace. We took 50 buffers from the front of a
sampled trace, ran them through a simulator of an 8 megabyte, 32 byte line, direct-
mapped cache, and counted the number of sampled sets that had been accessed. We

then calculated the ratio of accessed sampled sets to the total number of sampled
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Figure 5.7: Misses to all sets in an 8 megabyte, 32 byte line, 4-way set-associative
cache with the Ray Tracing workload. The second set sampling method only counts
misses to sampled sets. Although the workload is the same as in the previous graph,
the wide associativity of this cache causes the misses to be distributed more evenly.

sets. We found that there was a distinct difference in the number of empty sets. The
Ray Tracing workload was at least 80% empty. The MP3 workload was less than 20%
empty. This indicates that the MP3 workload was warming up nearly the entire cache
but the Ray Tracing workload was concentrated into a few sets. We concluded that
the second set sampling method is accurate for workloads that warm up the cache.

It may be necessary to use highly associative caches for some workloads.

5.5 Sample Size

Once we had determined the best sampling method, we needed to decide which sample
size had an error rate of less than 10% while using less than 10% of the trace. We
took the ratio of error rate / sample size and looked for a low ratio.

FErrorRate

SampleSize (54)

We investigated 6%, 10%, and 25% sample sizes. We found that the 6% sample
ratio was consistently greater than that of the 10%. Although the 25% sample ratio

had a smaller ratio than the 10% sample size it did not meet the trace fraction
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Figure 5.8: Results of sampling techniques for an 8 megabyte, 32 byte line, direct

mapped cache using the Descent workload.
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Figure 5.9: Results of sampling techniques for an 8 megabyte, 32 byte line, direct
mapped cache using the Ziff-Davis Winbench workload.
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Figure 5.10: Results of sampling techniques for an 8 megabyte, 32 byte line, direct
mapped cache using the Ziff-Davis Winstone workload.
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Figure 5.11: Results of sampling techniques for an 8 megabyte, 32 byte line, direct
mapped cache using the TPC-C workload.
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requirements. We chose the 10% sample size for further investigation because its
error rate was acceptable (less than 10% error except for Ray Tracing), and it had
much greater trace compression than the 25% sample size. Figures 5.12 and 5.13
show the error rate for each sample size for an 8 megabyte cache with a 32 byte
line size and direct-mapped and 4-way associative, respectively. Figure 5.14 shows
a comparison of the real miss rate and the 10% sample rate for the MP3 workload.
Figure 5.15 shows a similar comparison for the Ray Tracing workload. The dotted
lines are the sample miss rates and the solid lines are the real miss rates. Graphs for

the other workloads can be found in Appendix A.
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Figure 5.12: Sample size comparison for an 8 megabyte, 32 byte line, direct-mapped
cache. The Ray Tracing workload had error / size ratios of 21%, 10%, and 4% for
the 6%, 10%, and 25% sample sizes, respectively and was omitted for readability
purposes.

5.6 Summary

We investigated time sampling and two versions of set sampling. The time sampling
and the first set sampling method produced unacceptable results. We concluded that

the second set sampling method will produce accurate results for workloads that warm
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Figure 5.13: Sample size comparison for an 8 megabyte, 32 byte line, 4-way set-
associative cache. The Ray Tracing workload had error / size ratios of 20%, 11%,
and 4% for the 6%, 10%, and 25% sample sizes, respectively and was omitted for
readability purposes.

up the cache. The second set sampling method may only work with highly associative
caches for some workloads. We determined that the 10% sample size had the best

error rate / sample size ratio while still using less than 10% of the trace.
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Figure 5.14: Accuracy comparison of the real and sample miss rates for the MP3
workload with a 10% sample size. The 64 byte line size has a similar graph and is
located in Appendix A.
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Figure 5.15: Accuracy comparison of the real and sample miss rates for the Ray
Tracing workload with a 10% sample size. All of the real lines are on top of each
other and so are all of the sample lines. Associativity plays a greater role than cache
size. The 64 byte line size has a similar graph and is located in Appendix A.
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Chapter 6
Conclusions and Future Work

In this chapter, we summarize this thesis and describe some future work.

6.1 Conclusions

We discussed some of the difficulties of trace collection and trace-driven cache sim-
ulation. We then described our multiprocessor tracing technique and verified that it
accurately collects long traces. Three types of sampling were described: time sampling
and two types of set sampling. With time sampling, pieces of the trace represented
the entire trace. In the set sampling techniques, a subset of the sets represented
all sets in the cache. The difference between the two set sampling technique is the
calculation of the miss rate. In the first technique, the number of misses to sampled
sets is divided by the number of references to sampled sets. In the second technique,
the miss rate is calculated as the number of misses to sampled sets divided by the
total number of references scaled by the sample size. We concluded that the second
set sampling technique achieved the most accurate results for all caches. This can be
integrated into our tracing hardware to effectually increase the length of the buffer,
reducing trace distortions. We determined that the 10% sample size had the best

error rate / sample size ratio while still using less than 10% of the trace.

It was necessary to test the workload to see if it was evenly distributed or
concentrated into a few sets. For evenly distributed workloads, any cache configura-
tion yields accurate results. For workloads that are concentrated into a few sets, very

associative caches are necessary to achieve accurate results.
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6.2 Future Work

Future work includes attempting to increase the accuracy of time sampling, adapting
the hardware monitor to use sampling techniques, and performing L3 cache studies

using set samples of commercial workloads.
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Appendix A

Additional Figures

This appendix contains figures that could not be included in the main text due to

space limitations. They are presented here for completeness.
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Figure A.1: The complete state diagram for our multiprocessor tracing mechanism.
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Figure A.2: Confidence intervals for a 16 megabyte, 64 byte line cache with the MP3
compression workload using time sampling. The diamonds are the population miss
rate and the I’s show the confidence interval.
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Figure A.3: Confidence intervals for a 16 megabyte, 64 byte line cache with the MP3
Compressor workload using the first set sampling method. The diamonds are the
population miss rate and the I’s show the confidence interval.
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Figure A.4: Confidence intervals for a 16 megabyte, 64 byte line cache with the MP3
Compressor workload using the second set sampling method. The three columns for
each associativity represent sample sizes of 6%, 10%, and 25% respectively.
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Figure A.5: Confidence intervals for a 16 megabyte, 64 byte line cache with the
Ray Tracing workload using time sampling. The three columns for each associativity
represent sample sizes of 6%, 10%, and 25% respectively.
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Ray Tracing 16M cache, 64 line -- set sampling 1
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Figure A.6: Confidence intervals for a 16 megabyte, 64 byte line cache with the Ray
Tracing workload using the first set sampling method. The three columns for each
associativity represent sample sizes of 6%, 10%, and 25% respectively.
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Figure A.7: Confidence intervals for a 16 megabyte, 64 byte line cache with the Ray
Tracing workload using the second set sampling method. The three columns for each
associativity represent sample sizes of 6%, 10%, and 25% respectively.
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TPC-C 16M cache, 32 line -- set sampling 1
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Figure A.8: Confidence intervals for a 16 megabyte, 32 byte line cache with the
TPC-C workload using the first set sampling method. The three columns for each
associativity represent sample sizes of 6%, 10%, and 25% respectively.
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Figure A.9: Confidence intervals for a 16 megabyte, 32 byte line cache with the
TPC-C workload using the second set sampling method. The three columns for each
associativity represent sample sizes of 6%, 10%, and 25% respectively.

46



TPC-C 16M cache, 64 line -- set sampling 1
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Figure A.10: Confidence intervals for a 16 megabyte, 64 byte line cache with the
TPC-C workload using the first set sampling method. The three columns for each
associativity represent sample sizes of 6%, 10%, and 25% respectively.
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Figure A.11: Confidence intervals for a 16 megabyte, 64 byte line cache with the
TPC-C workload using the second set sampling method. The three columns for each
associativity represent sample sizes of 6%, 10%, and 25% respectively.
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Descent 16M cache, 32 line -- set sampling 1
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Figure A.12: Confidence intervals for a 16 megabyte, 32 byte line cache with the
Descent workload using the first set sampling method. The three columns for each
associativity represent sample sizes of 6%, 10%, and 25% respectively.
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Figure A.13: Confidence intervals for a 16 megabyte, 32 byte line cache with the
Descent workload using the second set sampling method. The three columns for each
associativity represent sample sizes of 6%, 10%, and 25% respectively.
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Descent 16M cache, 64 line -- set sampling 1
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Figure A.14: Confidence intervals for a 16 megabyte, 64 byte line cache with the
Descent workload using the first set sampling method. The three columns for each
associativity represent sample sizes of 6%, 10%, and 25% respectively.
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Figure A.15: Confidence intervals for a 16 megabyte, 64 byte line cache with the
Descent workload using the second set sampling method. The three columns for each
associativity represent sample sizes of 6%, 10%, and 25% respectively.
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ZD Winbench 16M cache, 32 line -- set sampling 1
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Figure A.16: Confidence intervals for a 16 megabyte, 32 byte line cache with the Ziff-
Davis Winbench workload using the first set sampling method. The three columns
for each associativity represent sample sizes of 6%, 10%, and 25% respectively.
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Figure A.17: Confidence intervals for a 16 megabyte, 32 byte line cache with the Ziff-
Davis Winbench workload using the second set sampling method. The three columns
for each associativity represent sample sizes of 6%, 10%, and 25% respectively.
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Figure A.18: Confidence intervals for a 16 megabyte, 64 byte line cache with the Ziff-
Davis Winbench workload using the first set sampling method. The three columns
for each associativity represent sample sizes of 6%, 10%, and 25% respectively.
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Figure A.19: Confidence intervals for a 16 megabyte, 64 byte line cache with the Ziff-
Davis Winbench workload using the second set sampling method. The three columns
for each associativity represent sample sizes of 6%, 10%, and 25% respectively.
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Figure A.20: Confidence intervals for a 16 megabyte, 32 byte line cache with the Ziff-
Davis Winstone workload using the first set sampling method. The three columns for
each associativity represent sample sizes of 6%, 10%), and 25% respectively.
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Figure A.21: Confidence intervals for a 16 megabyte, 32 byte line cache with the Ziff-
Davis Winstone workload using the second set sampling method. The three columns
for each associativity represent sample sizes of 6%, 10%, and 25% respectively.
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Figure A.22: Confidence intervals for a 16 megabyte, 64 byte line cache with the
Winstone workload using the first set sampling method. The three columns for each
associativity represent sample sizes of 6%, 10%, and 25% respectively.
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Figure A.23: Confidence intervals for a 16 megabyte, 64 byte line cache with the
Winstone workload using the second set sampling method. The three columns for
each associativity represent sample sizes of 6%, 10%), and 25% respectively.
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Figure A.24: The second set sampling technique with a 64 byte line size and a 10%

sampling rate with the MP3 workload.
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Figure A.25: The second set sampling technique with a 64 byte line size and a 10%
sampling rate with the Ray Tracing workload. The real miss rates are stacked on top
of each other; so are the sample miss rates.
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Figure A.26: The second set sampling technique with a 32 byte line size and a 10%

sampling rate with the Descent workload.
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Figure A.27: The second set sampling technique with a 64 byte line size and a 10%

sampling rate with the Descent workload.
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Figure A.28: The second set sampling technique with a 32 byte line size and a 10%
sampling rate with the Ziff-Davis Winbench workload.
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Figure A.29: The second set sampling technique with a 64 byte line size and a 10%
sampling rate with the Ziff-Davis Winbench workload.
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Figure A.30: The second set sampling technique with a 32 byte line size and a 10%
sampling rate with the Winstone workload.
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Figure A.31: The second set sampling technique with a 64 byte line size and a 10%
sampling rate with the Winstone workload.
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Figure A.32: The second set sampling technique with a 32 byte line size and a 10%

sampling rate with the TPC-C workload.
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Figure A.33: The second set sampling technique with a 64 byte line size and a 10%

sampling rate with the TPC-C workload.
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