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Abstract

As various types of multithreaded architectures can in-
crease resource utilization and throughput of modern pro-
cessors, there exists a very large design space which must
be explored to effectively characterize these systems. Since
these systems execute instructions from multiple concur-
rent application threads, understanding the interactions be-
tween co-scheduled threads is critical to evaluating po-
tential designs. Unfortunately, understanding the interac-
tion of co-scheduled threads requires complex and compu-
tationally intensive simulation. Although methods for ac-
celerating architecture simulation are effective for appli-
cations demonstrating phase behavior over time in single
threaded architectures, multithreaded systems exhibit even
more widely variant behavior as different phases of each
thread interact. Overall, there are many simulation tech-
nology issues related to phase behavior that must be in-
vestigated to effectively explore future multithreaded ar-
chitectures. This paper explores how differences in multi-
threaded phase interactions and their relative frequencies
impact overall performance evaluation. Further, a mathe-
matical model is presented that balances the effects of inter-
thread phase interactions in simulation to more accurately
reflect the likely behaviors encountered in a real system.

1. Introduction

Various types of multithreading, including Simultane-
ous Multithreading (SMT) [4], Fine-Grained Multithread-
ing [1], Coarse-Grained Multithreading [17], and Chip Mul-
tiprocessors (CMP) [14], have been proposed and imple-
mented. The common theme among all multithreading tech-
niques is that instructions from multiple threads (typically
from independent programs) are executed within the same
small time interval. Co-execution masks long latency events

such as complex ALU functions, branch mispredictions,
and accesses to lower levels of the memory hierarchy by ex-
ecuting instructions from other threads. The common mech-
anism of these systems is that some processor resources
are shared between threads. This sharing ranges from CMP
which can share low-level caches to SMT where essen-
tially every microarchitecture resource is shared. The down-
side of any type of multithreading is that the collective set
of requests can overwhelm the capacity of certain shared
resources, causing interference between the threads. This
interference heavily influences the performance of multi-
threaded systems [13], complicating the evaluation of mul-
tithreaded architectures.

The design exploration space for future multithreaded ar-
chitectures is vast and it is difficult to quickly identify criti-
cal and optimal design decisions. Candidate designs are first
evaluated by constructing simulators; unfortunately, simu-
lation of real workloads is a major bottleneck in the de-
sign process and inaccurate simulation models have been
shown to be multiple degrees from the quality of the fi-
nal design [2]. In general, cycle accurate simulation of a
complex, modern processor entails, at a minimum, a sev-
eral thousand-fold slowdown over hardware. To explore the
space of microprocessor design various simulation tech-
niques and models have emerged. A commonly used so-
lution to this problem is to exploit program phase behav-
ior [3, 6, 10, 12, 8] to eliminate unnecessary simulation
time by finding key representative phases within applica-
tions. Almost all programs can, to some degree, be divided
into regions of common behavior called phases. Phases are
differentiated based on either code usage [3, 8, 11] or per-
formance data [15]. For the purpose of this paper, a pro-
gram is divided into equally sized time slices called peri-
ods. The set of periods with similar behavior is a phase. Fi-
nally, a set of consecutive periods with the same phase is an
execution interval. These concepts are illustrated in Figure
1. In a multithreaded system, behavior is dictated in large
part by the phases of each of the co-scheduled threads. The



A A B B B B A A A A A C

121110987654321

�����
�����
�����
����� ���������

���������
���������
��������� �������������

�������������
�������������
������������� ���

���
���
���

3 421

PROGRAM EXECUTION

PERIOD

PHASE

INTERVAL

Figure 1. Program execution (represented
in the first line)is broken into time slices
called periods(the second line). Many peri-
ods demonstrate similar behavior called a
phase (labeled on the third line). A set of con-
secutive periods in the same phase are called
a interval (the last line)

resulting combination of phases from each thread in a mul-
tithreaded environment is termed a co-phase [16].

Traditionally, multithreaded systems are simulated by
starting each thread together and allowing them to run to-
gether until one completes. The fundamental problem with
this approach is that the combination of phases that inter-
act between programs will vary in a real system depending
on operating system scheduling. For multithreaded simula-
tion, there are many similar instances in which real operat-
ing conditions and simulated operating constraints diverge,
all of which can impair design decisions.

For instance, it is very unlikely that two programs of
more than trivial length will remain co-scheduled for the
duration of their execution. Other processes, including those
from the OS, will likely use some amount of the processor’s
time. When any one of the target applications is not resident
on the processor, the other threads, which are still resident,
will advance and possibly change phase. Even if there is no
phase change, the time until the next phase switch will be re-
duced. These effects lead to two major discrepancies to the
single simulation approach. First, many co-phases may not
be observed in one simulated run that may well occur in a
hardware. These co-phases may exhibit unique and impor-
tant behaviors that are simply neglected because they are
not observed. Second, the balance between co-phases will
be heavily skewed toward the simulated run which may em-
phasize a co-phases which, on average, are very uncommon
and under-represent those which are important.

Although program phase has been recognized as a ma-
jor factor in multithreaded execution, the combination of
phases that interact between programs will vary in a real

system has and not been fully explored. With this in mind,
this paper addresses several missing elements of the charac-
terization of the interaction between threads. This paper in-
troduces a model which determines how different co-phase
interactions should be weighted in a way that is representa-
tive of the amount it would occur in an OS scheduling envi-
ronment.

The remainder of this paper is organized as follows.
Section 2 supplies motivation for this research including
data on the effects of start time offset in a common SMT
processor, the Intel Pentium-4 with Hyper-threading. Sec-
tion 3 walks through a simple, illustrative example with
two threads from the Spec2000 suite. Section 4 explains our
multithreading model for two threads and and explains ex-
tensions to more than two threads, and Section 5 concludes
and outlines future work.

2. Motivation

Recognizing program phase has important ramifications
for simulation. Essentially, identification of repeating and
representative phases makes it possible to simulate very
small portions of a program’s execution and then predict
overall performance from those samples with high accu-
racy [11]. This offers advantages over random or statistical
sampling where brief periods of execution are used to ex-
trapolate overall behavior [18] in that only unique behav-
iors need to be simulated, requiring less simulation time
[19]. This idea can be extended to simulation of multi-
threaded systems. The complication is that each combina-
tion of phases, or co-phase, can have unique interference.
The number of co-phases is the product of the number of
phases from each threads. As a result the total number of co-
phases will grow exponentially with the number of threads.
Faced with this, it is tempting (and probably necessary in
many cases) to limit the number of co-phases that are sim-
ulated. However, it is important that as many co-phases
as possible are tested. Just as program behavior can vary
greatly between phases, the behavior in a multithreaded sys-
tem will vary greatly between co-phases. Therefore, overall
observed system behavior will be dependent on the combi-
nation of co-phases that are experienced.

To test the effects of co-phase mixes, several experiments
were performed on a real system with support for multi-
threading and run-time performance monitoring. Five of the
benchmarks from the Spec2000 suite were run on an In-
tel Pentium-4 Northwood processor with Hyper-threading
(a version of SMT) [5]. The benchmarks were chosen based
on their long run-times, which allows a longer start time off-
sets to be tested. Additionally, the benchmarks were cho-
sen to mix memory intensive with computation and control
limited benchmarks and integer and floating point bench-
marks. Each possible pairing of the benchmarks was run
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Figure 2. Standard deviation in multithreaded
IPC, trace cache misses, and Level-2 cache
misses due to start time offset for various
Spec2000 benchmark pairings.

with offsets in start time from negative to positive one hun-
dred seconds, at ten second second intervals (-100, -90, -
80, ..., 80, 90, 100), for a total of 21 tests for each pairing.
The offset was used to produce a different combination of
co-phases in each test. Using the performance counters on
the Pentium-4, the instructions per cycle (IPC) and the rates
of cache misses in the trace cache and the unified, level-2
cache were determined for the periods in which the threads
were co-scheduled. The percent standard deviation between
tests for each metric is presented in Figure 2. Each bench-
mark is represented by a column of the graph and a symbol.
The first benchmark in the pairing is represented by the col-
umn of the graph, and the second by the symbol. Many pair-
ings demonstrate deviation above ten percent in each of the
categories, meaning that any single run of the pairings at a
given offset would likely be significantly different from a
run at another offset. The benchmark 179.art is a particu-
larly striking example of this behavior with high variance
in all categories for all pairings. Generally, this means that

when 179.art is run with any of the selected applications,
a selected time of offsetting the two applications can re-
sult in potential differences of 10% IPC, trace cache misses,
and L2 misses when compared to a different offset. Overall,
these results have significant implication on the techniques
used to model and simulate multithreaded architectures.

In order to do divide the programs into phases, vari-
ous performance counters on the Pentium-4 were used to
sample performance at each scheduling interval (approxi-
mately 100ms) in a modified Linux 2.6.5 environment. Sev-
eral runs are made on each benchmark and different perfor-
mance counters from separate runs are combined into a sin-
gle vector. The vectors from each sample are clustered us-
ing a k-means algorithm. Although more precise methods
have been developed for phase analysis in hardware ([8]),
using performance counters is sufficient for our purposes as
only coarse-grained behaviors are needed for this work.

In addition to which co-phases occur, the time spent in
each co-phase is also a product of the offset, which is il-
lustrated in Figure 3. Using some of the data from Fig-
ure 2, these graphs illustrate the co-phase behavior of the
benchmarks when they are paired with 252.eon. Each row
of graphs represents a different benchmark paired with eon
and each column represents a different offset between the
start times of the benchmarks. In each graph, the x-axis rep-
resents the phase of eon and the y-axis represents the phase
of the other benchmark. The color or shade of each point
on the graph represents the number of cycles spent in each
co-phase with brighter colors indicating more cycles. The
columns of graphs illustrate this behavior for offsets of neg-
ative one hundred, negative fifty, zero, fifty, and one hun-
dred seconds. The variation between the graphs illustrates
that co-phase behavior varies with offset. The difference
due to offset is more quantitatively illustrated in Figure 4.
The difference between two consecutive offsets is found by
determining the percentage of execution that that occurs in
each co-phase, then summing the difference between runs
in these percentages across all co-phases (the number is di-
vided by two to give a percentage). The graph demonstrates
that for the benchmarks tested, a change in offset of fifty
seconds results in at least a 10% difference in co-phase mix,
and on average over a 20% difference.

In [16], it is recognized that when threads are run to-
gether, only a small number of the possible co-phases actu-
ally occur, especially for multithreaded systems with many
threads. However, in any real world system, it is very un-
likely that two threads will be started at the same time or
even that the start time offset will be consistent between
runs. Additionally, because other programs, including the
OS, are competing for processor time, it is very unlikely
that threads will be co-scheduled for the entire duration of
their execution. This will also affect the co-phase mix. This
means that characterizing a system based on starting the
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Figure 3. Number of cycles spent in each co-phase of 252.eon when paired with other Spec2000
benchmarks and for various offsets. Each row of graphs indicates the benchmark which is paired
with eon and each column of graphs indicates a different offset. For each graph, the horizontal axis
indicates the phase of eon and the vertical axis the phase of the paired benchmark.

threads simultaneously, or with any given single offset, will
lead to an incomplete and inaccurate picture. Further, large
benchmark suites are such as SpecCPU are meant to cover
a large number of unique behaviors. By neglecting certain

co-phase behaviors, many unique, and possibly very impor-
tant behaviors may be missed. This paper addresses how
to correctly weigh each of co-phases to get the best pic-
ture of overall behavior. Further, this gives some initial in-
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Figure 4. The percent change in co-phase mix
due to different start offsets between 252.eon
and four other Spec2000 benchmarks.

sights into the best manner in which to simulate a multi-
threaded system that gives the most accurate picture of exe-
cution and minimizes total evaluation time.

3. Illustrative Example

In this section, a simple example program is used to
demonstrate the methodology. The example consists of the
first two intervals of the Spec2000 benchmarks 179.art and
186.crafty. Execution of each thread is terminated after the
second interval in order to keep the example simple. The
co-phase and single-threaded information is shown in Fig-
ure 5. The upper tables contain the IPC data for each thread
in each co-phase, with the table row indicating the phase
of crafty and the column the phase of art. The lower tables
in the figure contain the length, in operations, of the inter-
vals of each thread. The data was obtained by using the per-
formance counters on a Pentium-4 processor with Hyper-
Threading. The reason for the low IPC numbers is the CISC
nature of the x86 ISA.

Since the necessary co-phase performance data is avail-
able, it is possible to determine the amount of time that is
spent in each co-phase for a given offset. The first step is to
determine the performance of the threads before the other
thread has started. The offset between the start times of the
threads is the amount of time the first thread will spend in
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Figure 5. Phase behavior of 179.art and
186.crafty. The numbers int the upper tables
indicate the IPC of each thread individually
for each co-phase combination. The lower ta-
bles are the interval series of each thread.

single-threaded execution. After the time spent in single-
threaded execution is determined, it is possible to determine
the time spent in the remainder of the co-phase intervals, in
the order [1.1], [1.2], [1.x], [2.1], [2.2], [2.x], [x.1], [x.2] 1.
The amount of time spent in an interval is determined by the
number of operations that need to be performed and the IPC
of each thread in that co-phase. When any thread completes
all of its operations in its current interval, it will change
phase an therefore the co-phase will also change. The num-
ber of operations to be completed in a co-phase interval is
dependent on how many operations have already been com-
pleted in previous intervals, and is therefore a function of
start-time offset. The functions for the co-phase intervals
of art and crafty versus offset are shown in Figure 6. In
this graph, the x-axis is the offset of the start times of the
threads. A positive offset indicates that 179.art started first
and a negative offset indicates 186.crafty started first. The
y-axis indicates the amount of time spent in each co-phase
interval. Note that there is no offset such that both inter-
vals [1.2] and [2.1] are encountered. Since the co-phases
are unique to these intervals, no single offset could be used

1 The numbering used here for co-phase intervals is one number per
thread, separated by periods. The first number indicates the current ex-
ecution interval number of the first thread (thread X), the second num-
ber the current execution interval number of the second thread (thread
Y), and so on. For the purpose of this discussion, only two threads are
considered. Models of more threads are discussed in Section 4.2. An
interval number of 0 indicates that a thread has not yet started, and
threads marked with an x have already completed.
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Figure 6. Time spent in the first two co-
phases for 179.art and 186.crafty.

to characterize both in the same run.

A similar representation of the data can be found in Fig-
ure 7. The x-axis is again the offset between the thread start
times. However, in this figure the y-axis represents the to-
tal execution time. In essence, instead of superimposing the
graphs as in Figure 6, the data is now cumulative. There are
several interesting aspects of this graph. First, the execution
profile, the set of co-phase intervals encountered for a given
offset, can be obtained from this graph by simply finding
the offset on the x-axis and then following the graph ver-
tically. The graph regions encountered along that vertical
line represent the time spent in each interval. The next in-
teresting feature is the top of the graph. The top edge of the
shaded regions indicates the total run times versus start time
offset. The total run time in this example ranges between
4.78∗109 cycles and 6.36∗109 cycles or a range of 34.5%.
The top edge at the left and right extremes of the graph rep-
resent the threads being run sequentially, and will always
be the same height. For most start time offsets, multithread-
ing is detrimental in that the total run time is higher than
running the threads sequentially. This is mainly due to the
heavy amount of interference caused by phase B of 179.art.
This phase has very poor behavior when paired with either
phase of 186.crafty. The only time that total run time is re-
duced is when this phase is run predominantly by itself. Al-
though this graph is a good illustration of behavior for a
simple example, it is difficult to produce a similar graph for
an entire run of a benchmark pairing. Benchmarks can have
thousands of intervals that lead to millions of co-phase in-
tervals and therefore graph regions.

Calculating the Average Behavior The final step is to find
the areas of each of the co-phase interval region. The area
of a region is proportional to the average amount of time
that will be spent in that co-phase interval across all pos-
sible offsets. The average amount of time spent, or weight,
of a region is simply the area divided by the length of se-
quential single-threaded execution of the threads, which is
the range of possible offsets. The computation is fairly sim-
ple since each region is simple a series of line segments.
The area under the line mx + b between x1 and x2 is
m
2 (x2

2 − x2
1) − b(x2 − x1). In this example each co-phase

has only one interval so there is no summing across inter-
vals to get the total for co-phases. The calculated areas and
weights are shown in Table 1. The table also shows the stan-
dard deviation in the amount of time spent in each co-phase
across the offsets. Although the standard deviation in total
run time is only 7.4%, the deviation in time spent in each
co-phase is above 100% in many cases, further demonstrat-
ing that any single run will give an incomplete picture.

To characterize average behavior, we simply multiply
the weight or area of a co-phase region times the execu-
tion characteristics of that co-phase, then divide by the total
area of all co-phase regions. The sum of the products across
all co-phase regions is the average performance for all off-
sets. For this example, the average IPC of the multithreaded
areas is 0.0713. Coincidentally, the IPC obtained from a sin-
gle run with zero offset is a nearly identical 0.0704, an er-
ror of only 1.3%. However, this is just a fortunate coinci-
dence. In most cases any single run will be quite different
from the average. Even in this case, the run time for zero
offset is 6.312 ∗ 109 cycles, which is a 7.4% error from the
average of 5.87 ∗ 109 cycles. Additionally, the zero offset
run never encounters the co-phase [1.2], which is the only
co-phase that demonstrates good parallelism in this exam-
ple.

Co- Average Standard
phase Area Run Time Deviation

(Weight)

1.1 1.15 ∗ 1018 2.21 ∗ 108 3.95 ∗ 108(179%)
1.2 2.35 ∗ 1018 4.52 ∗ 108 4.73 ∗ 108(105%)
2.1 3.67 ∗ 1018 7.06 ∗ 108 9.59 ∗ 108(136%)
2.2 8.23 ∗ 1018 1.58 ∗ 109 1.49 ∗ 108(94%)

total 3.05 ∗ 1019 5.87 ∗ 109 4.76 ∗ 108(8.1%)

Table 1. Co-phase interval region areas and
average weights for 179.art and 186.crafty
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Figure 7. Phase interference behavior of 179.art and 186.crafty versus start time offset.

4. Methodology

4.1. Mathematical Model

With the large amount of variation in behavior due to off-
set, the question is how best to model the overall behavior
of the system. Ideally, this also involves minimizing sim-
ulation time. The model proposed in this section requires
only two inputs. The first is the profile of phase intervals
and their lengths for each individual thread and the second
is the IPC of each thread in each co-phase, including in each
of its single-thread phases. From this data, the expected se-
ries of co-phase intervals and their lengths can be derived
for any start time offset. More importantly, it is simple to

determine the average behavior across all possible offsets
as a weighted sum of the behaviors of all of the co-phases.

Once the necessary data is generated, the time spent in
each co-phase interval can be determined from the equa-
tion in Figure 8. Essentially, the time in an interval will be
the shortest possible for one of the threads to complete its
current interval. This is only a function of the number of
instructions in the interval, the thread’s performance in the
phase, and the number of instructions that have already been
completed from that interval. The number of instructions al-
ready completed is the most complicated factor as it is de-
pendent on the performance and the time spent in previ-
ous co-phase intervals. For a given interval, this dependency
stretches back to all co-phase intervals since the beginning
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t0 = The offset in start times between the threads
ti0 = The number of cycles spent in the ith stage of thread

X and in single-threaded mode.
PXi0 = The average number of instructions of thread X
that are executed per cycle running single threaded in

mode in phase i.
IXi = the number of instructions in the ith interval of

thread X.

Figure 9. The time spent in co-phase interval
0i. Symmetric equations exist for co-phase
intervals 0j

of each thread’s current interval. Each of these co-phase in-
tervals in turn is dependent on earlier co-phase intervals, all
the way back to the beginning of execution, when only one
thread runs because of start time offset. Therefore, the time
spent in any co-phase interval is a function of start time off-
set. In the equation in Figure 8, the portion of the function
where the thread X term controls the min function, the next
co-phase interval will be the next interval of X. Obviously,
the same can be said for thread Y. The two terms of the func-
tion will only intersect once because although the slope of
the line changes many times, the term for one thread will be
monotonically increasing versus offset and the other will be
monotonically decreasing. This makes sense as the greater
the offset is, the further the thread will be in its execution.
The intersection of the two point marks the boundary be-
tween which co-phase interval will occur next or the point
where both phases will end simultaneously.

The minimum function makes it very difficult to create
closed form equations for any intervals past the first few in-
tervals. Such functions exist, since any finite execution will
have a finite number of co-phase intervals, but they can be-

come prohibitively large very quickly. The number of pos-
sible predecessor intervals is proportional to the number of
intervals each thread has completed. Since each of these
have their own predecessors, the total number of terms in
a given equation becomes very large very quickly. Instead,
it is much easier to solve the equations numerically. That
is, for a given system, find the function of the offset time
that determines the amount of time each interval will occur
by adding the functions of its predecessors, starting from the
intervals that have no predecessors. The only co-phase inter-
vals that have no predecessors in a two thread system are in-
terval [0.1] and [1.0]. Co-phase interval [0.1] can end in one
of three ways: either thread X will start and the co-phase in-
terval will become [1.1], the interval of thread Y will com-
plete and the interval becomes [0.2], or thread X will start
exactly as thread Y finishes its interval and the co-phase in-
terval becomes [1.2]. The amount of time spent in inter-
val [0.1] is equal to the start time offset up to the maxi-
mum of the time it takes interval 1 of thread Y to complete
running alone. The equation for the amount of time spent
in co-phase interval [i.0] is shown in Figure 9. With this
data from interval [0.1], the function for [0.2] can be de-
rived. This is repeated for all intervals of thread Y. The pro-
cess is then repeated for thread X. Once the functions for
co-phase intervals [0.1] and [1.0] are determined, it is pos-
sible to derive the function for co-phase interval [1.1] using
the equation in Figure 8. All of the execution time function
of each co-phase interval functions can be derived numer-
ically once all of the functions of all of their predecessors
are derived. The simplest order to derive the function is us-
ing a nested for loop. That is, derive all of the functions for
co-phases [0.j] for j starting at 1 to the last phase of thread
Y, then for [1.j] for j starting at 0 and then for each interval
of thread X. After all of the interval functions have been de-
rived, the average behavior can be calculated as explained
in section 3.

A few key assumptions are made for this model. The first
assumption is that co-phase behavior follows the phase be-
havior of individual threads. This means that the length of
the execution intervals will remain constant, in terms of to-
tal operations executed between single and multithreaded
modes. The reason that this may change is that a phase
is the set of periods with similar but not identical behav-
ior. Interference in the multithreaded environment may af-
fect different periods differently, effectively splitting up a
phase or making periods that are in different phases in sin-
gle threaded execution behave in similar ways when mul-
tithreaded. This is an area of ongoing research. A second
related assumption is that co-phase behavior is consistent
in that the behavior in a given co-phase is the same be-
tween intervals and within each interval. This assumption
must be made anytime phase analysis is used. The final as-
sumption is that no accounting is made for threads switch-



ing out during execution in the model. The assumption is
not that this switching will not occur, but that the net ef-
fect of such switches will be zero. A change in thread being
switched out and then switched back in can be thought of
as the simulation stopping when the thread is switched out,
then restarting at the same execution time with a new offset.
In effect, the thread that is not switched out is fast forwarded
relative to the thread which was switched out. The assump-
tion is that either thread is equally likely to be switched out
for an equal amount of time. Over the totality of all tests,
the effects of switch outs cancel each other out. The over-
head of the context switch and of the thread warming up
when it is switched back in are neglected because this will
be small compared to the overall execution time. The di-
rect and indirect costs of context switches are examined in
[7].

4.2. Extension to More Than Two Threads

The situation becomes considerably more complex when
more threads are used. The first complication is that the
number of co-phases and co-phase intervals grows exponen-
tially with the number of threads. Dealing with this problem
is a matter of predicting which co-phases will contribute the
most to the final results and have interesting interference.
This is the subject of ongoing research.

Next, representing the data becomes more difficult. The
number of possible offset variables between any two threads
is the factorial of the number of threads. This problem is
solved by defining the start time of one thread as a zero
point and defining all other start times relative to this one.
The relative start times of any two threads can be easily de-
termined from their offset from the reference.

It would seem that the choice of which thread is cho-
sen as the reference would affect the projection and thus
area and weights between the regions. Fortunately the ar-
eas are constant no matter which representation is chosen.
The matrix representation of the transform between repre-
sentations is shown in Figure 10. That is, in order to move
a point from the representation where all offsets are defined
in terms of thread 1 to one where the offsets are all defined
in terms of thread 2, the point is represented in column vec-
tor form and multiplied by this matrix. It can be shown that
Rn+1

n = In. In other words, applying the transform in an
n-thread system n+1 times yields the original representa-
tion. A formal proof is beyond the scope of this paper, but
the basic idea is that since any change in area produced by
the transform would cause a change in the representation
once it was repeatedly applied, it follows that each applica-
tion of the single transform does not change the areas. More
information on transforms can be found in [9].

Fortunately, the equation in Figure 8 is still valid if terms
are added for the additional threads. However, the equa-

Rn =

[

−1(n−1)x1 In−1

−1 01x(n−1)

]

Figure 10. The matrix for transforming repre-
sentations between reference threads (In is
the n-dimensional identity matrix).

tion in Figure 9 becomes somewhat more complicated with
more threads but the basic idea is the same. The region
which represents a given startup co-phase interval will start
at the point where that co-phase is reached, based on previ-
ous startup intervals. The region ends where another thread
starts or the interval of that thread ends.

5. Conclusion

5.1. Future Work

The accuracy of multithreaded simulation is vitally im-
portant to the development of systems which are becom-
ing increasingly ubiquitous across the industry. However,
also important is the speed of these simulations. Because
of inter-thread interactions, the number of unique behav-
iors of a multithreaded system is the product of the num-
ber unique behaviors in each thread. This further exacer-
bates the problem of long simulation times. Although this
paper has shown that accurate simulation of multithreaded
systems requires that the entire co-phase space be covered,
it is impractical in all but the most trivial cases to simu-
late all co-phases for their duration. The next step in our re-
search involves developing methods to efficiently cover that
space. This entails applying modern sampling techniques
such as SMARTS [18] and SimPoint [11] to multithreaded
environments to reduce simulation times. Along these lines,
we are also investigating techniques to increase parallelism
in simulation to improve overall simulation latency. Addi-
tionally, we are developing methods to reduce the effective
size of the co-phase space without sacrificing accuracy. We
are investigating techniques to predict multithreaded behav-
ior from single threaded behavior and determining which
co-phases will have the most important and interesting be-
havior to reduce the number of co-phases which must be
simulated.

5.2. Summary

Multithreaded architectures, in various forms, are an in-
creasingly popular technique for circumventing the bot-
tlenecks of modern processors. The interference between



threads, however, has a dramatic impact on overall per-
formance. Interference is dictated by how the individual
threads interact in their various phases. Since phase interac-
tion is determined by the relative position of the threads, this
further complicates the characterization of multithreaded
systems. The experimental results presented in this paper
demonstrate that this offset has a substantial effect on over-
all performance. The model presented balances the impor-
tance of individual co-phases and allows more accurate
modeling of real world performance of multithreaded archi-
tecture, where effects such as OS scheduling cause random
offsets between threads. This increase in the correlation be-
tween simulated and achieved performance is vital to the
effective and efficient design of future multithreaded archi-
tectures.
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