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The unpredictable nature of modern workloads,
characterized by frequent branches and control
transfers, can result in processor pipeline utitiea as
low as 19%. Chip multithreading (CMT), a processor
architecture combining chip multiprocessing and
hardware multithreading, is designed to address thi

issue. Hardware vendors plan to ship CMT systems

within the next two years; understanding how such
systems will perform is crucial if we are to userthto
full advantage.

Our simulation experiments show that a CMT-

the instructions use different functional units)5[#,7].

As a result, if one thread is blocked on a memory
access or some other long-latency operation, other
threads can make forward progress. IBM's Power4 and
Sun's UltraSPAR® IV are CMP systems. Intel's
hyper-threaded Xeon is an MT system.

Driven by improvement in chip densities,
hardware vendors are proposing architectures that
combine CMP and MT. We will refer to such systems
as chip multithreading (CMT) systems. Sun
Microsystems, Intel, and IBM have announced plans t

savvy operating system scheduler could improve ship such systems as early as 2005 [8,9,18].

application performance by a factor of two. In this
paper we describe our initial analysis of applicati

Understanding what affects application performance
on such systems is critical to our ability to base

performance on CMT systems and propose a designsuch systems as they become available.

for a scheduler tailored for the needs of a CMTteys

1. INTRODUCTION

Modern server applications, such as application
servers, web services, and on-line transaction
processing systems, are notorious for poor utibmat
of CPU pipeline. Such applications usually consifst
multiple threads of control, executing short sthet of
integer operations, with frequent dynamic branches.
This negatively affects cache locality and branch
prediction and causes frequent processor stally.[1,
Modern superscalar processors, using speculatige an
out-of-order execution, typically manage to wring
instruction-level parallelism (ILP) from scientific
workloads, but can do little for transaction-prageg-

A major factor affecting performance on systems
with multiple hardware contexts is operating system
scheduling. For example, one OS scheduler that is
tailored for MT processors produces an average
throughput improvement of 17% over a worst-case
scenario produced by the naive scheduler [10].
Moreover, it has been pointed out that a naive
scheduler can hurt performance, making a
multithreaded processor perform worse than a single
threaded processor [17]. Our preliminary experitsien
have shown that the potential for performance gain
from a specialized scheduler on CMT systems is even
greater, and can be as large as a factor of twe W
believe that scheduler designs proposed for single-
processor multithreaded systems do not scale tipeto

like workloads. Even some SPEC CPU benchmarks dozens of hardware threads that we expect to find o

yield processor pipeline utilizations as low as 1fafo
some configurations [14].

Chip multiprocessing (CMP) and hardware
multithreading (MT) techniques were designed to
improve processor utilization for transaction-
processing-like workloads by offering better suppor
for thread-level parallelism (TLP). A CMP processor
includes multiple processor cores on a single chip,

proposed CMT processors. Such systems will require
fundamentally new design for the operating system
scheduler.

An ideal scheduler will assign threads to
processors in a way that minimizes resource caotent
and maximizes system throughput, and would do so in
a scalable fashion. The scheduler must understawd h
its scheduling decisions will affect resource catita,

which allows more than one thread to be active at abecause resource contention ultimately determines

time and improves utilization of chip resources. An
MT processor has multiple sets of registers an@roth
thread state and interleaves execution of instosti

from different threads, either by switching between

performance.

We undertook a simulation study to better
understand the causes and effects of resource
contention on CMT processors. In this paper we

threads (as often as on each cycle) or by executingdescribe the results of our experiments, which hede

instructions from multiple threads simultaneousiy (

us to a design for a CMT-savvy OS scheduler that



improves application performance by as much as aeight), where each context consists of a set dfieg
factor of two. and other thread state. Such a processor intedeave
The rest of the paper is organized as follows. In execution of instructions from the threads, switghi
Section 2, we discuss related work and motivate the between contexts on each cycle. A thread may becom
need for new scheduling algorithms for CMT systems. blocked when it encounters a long-latency operation
We describe our system model and simulator in such as servicing a cache miss. When one or more
Section 3. In Section 4, we present our study of threads are unavailable, the system continues itatsw

resource contention. In Section 5, we propose mules among the remaining available threads. For
for a CMT-tailored scheduler. We conclude in Settio multithreaded workloads, this improves processor
6. utilization and hides the latency of long operation
This latency-hiding property is at the heart ofdveaire
2. RELATED WORK multithreading.
Scheduling on single-processor MT systems has ~ Our simulated CPU core has a simple RISC
been studied before [10-12] The schedu”ng plpellne, with one set of functional units (al’lthme

algorithms for single-processor MT systems disadisse Unit, load/store unit, etc.). The processor tha w
in the literature work as follows: they sample space ~ Model is typically configured with four hardware
of possible thread schedules by randomly perturbing contexts per CPU core. Each core has a singledhar
the set of jobs that are scheduled together, dollec TLB and L1 data and instruction caches. The
hardware-counter data, and, using heuristics, oiner ~ (integrated) L2 cache is shared by all of the Cotés
which of the sampled schedules would perform best. on the chip. . .

These algorithms were shown to work reasonably well One alternative to the architecture that we have
on single-process MT systems, yielding an average chosen is to have multiple sets of functional upits
improvement in throughput of 9% over a random €ach CPU core. This is termed amsltaneous
thread schedule (17% over the worst-case schedule)multithreaded(SMT) system [7, 14]. SMT systems
Although this technique is applicable for workloads are more complex and require more chip real estate.
with a handful of threads, when the number of thisea We have instead taken the approach of modeling a
is large, sampling the space of potential job mixey simple, classical RISC core in o_rder to allow spme
become less productive, as the size of the sapplees ~ more cores on each chip. This allows for a higher
grows exponentially with the number of threads. An degree of multithreading in the system, resulting i
online transaction processing (OLTP) workload may higher throughput for multithreaded and multi-
involve a hundred threads; on a CMT system withr fou Programmed workloads. Previous studies have shown
processors and four hardware contexts per progessorthat for thread-rich workloads, CMT systems with
there are over P potential job schedules. We argue Simple processor cores, such as ours, outperfooseth
that there is a need for a different design. Ooppsal ~ With fewer complex cores [19].

advocates building a scheduler that would use
characteristics of individual threads to estimdte t 4. STUDYING RESOURCE CONTENTION

resource contention of different schedules. The On a CMT system, each hardware context
scheduler would use the estimates thus obtaineal as appears as a logical processor to the operatirigrays
basis for its decisions. a software thread is assigned to a hardware cofaext

We realize that modeling resource contention is a the duration of the scheduling time slice. Thretds
hard problem. In situations where a good predicison share a processor compete for resources. There are
difficult to achieve, we may resort to using ourdab  many different categories of resources contended fo
of resource contention to reduce the size of the in this paper, we focus on the processor pipeline.
problem space, and then use the algorithms proposed  When assigning threads to hardware contexts, the
in earlier work [10-12] to make final scheduling scheduler has to decide which threads should bemun

decisions. the same processor, and which threads should be run
separately. The optimal thread assignment should
3. EXPERIMENTAL PLATEFORM result in high utilization of the processor. If \aee to

To study performance of these systems, we havedesign a scheduler that can find good thread
built a CMT system simulator toolkit [16] as a ®ét assignments, we must understand the causes and
extensions to the Simics simulation toolkit [15ur ~ effects of contention among the threads that share
toolkit models systems with multiple multithreaded Processor. Our study of such contention is theesiibj
CPU cores. The number of CPU cores per chip and theof this section. . . _
degree of hardware multithreading is configurable. We have observed that the instruction mix

Our model of a multithreaded processor core is executed by a workload is an important factor in
based on the concept of fine-grained multithreading determining the level of contention for the process
proposed by Laudon et al. [6]. An MT core has pipeline. The key to understanding why this is¢hse
multiple hardware contextgusually one, two, four or



is the concept oinstruction delay latengywhich we conventional single-threaded core and on a traditio
introduce next multiprocessor. Performance on the conventional

Recall from Section 3 that a processor keeps aprocessor provides the theoretical lower bound;
copy of architectural state for each active haréwar performance on the multiprocessor provides the uppe
context. When a thread performs a long-latency bound. When contention is low, performance on an
operation, it is blocked; subsequent instructiandé MT core should approach that of an MP system, where
issued by that thread adelayeduntil the operation  each thread has all functional units to itself. Whe
completes. We term the duration of this delay the contention is high, performance of an MT core \w#l
instruction delay latency ALU instructions have 0 no better than that of a single-threaded processor,
delay latency. A load that hits in the L1 cache has a where a single thread monopolizes all resources.

latency of four cycles. A branch delays the subseat Now let us show by example how this reasoning
instruction by two cycles. can apply in practice. We have two workloads: (1) a

Processor pipeline contention depends on the CPU-bound workload, consisting of four threads that
latencies of the instructions that the workloadceites. execute only ALU instructions with delay latency of

If a thread is running a workload dominated by zero cycles, and (2) a memory-bound workload,
instructions with long delay latencies, such as mgm  consisting of four threads that execute only load
loads, it will often let functional units go unused instructions that hit in the L1 cache, with delatehcy
leaving ample opportunities for other threads te us of four cycles. We wish to see how these workloads
them. Pipeline contention in this case is low. would run on three systems: A, a single-threaded
Alternatively, if a thread is running an instructionix processor; B, a multithreaded processor with four
consisting strictly of ALU operations, it can ketye hardware contexts; and C, a four-way multiprocessor
pipeline busy at all times. The performance of pthe

threads co-scheduled with this thread will suffer

accordingly.
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Figure 1. CPU-bound workload. Threads T1 through T4 Figure 2. Memory-bound workload. Systems B and C
contend for ALU on each cycle. Systems A and Bqrenf outperform System A by a factor of four, becauseythre
comparably, because they each have one ALU. Sy§tem able to overlap memory access latencies for thetfoeads.
has an ALU per each of its four processors, and it

outperforms A and B by a factor of four. .
When running the CPU-bound workload, A and

B will perform comparably; C will have a throughput
To assess the severity of pipeline contention for a four times greater than the other two systems, ima
workload, it is useful to compare how it would erh it has four times as many functional units. Figare
on an MT core with how it would perform on a jllustrates why this is the case.
When running the memory-bound workload,
System B and System C will perform comparably,

! We model a pipeline that implements result bypegsi



outperforming System A by a factor of féuFigure 2

illustrates this. 800,000 1
Figure 3 shows how an experiment performed on 700,000 | A
our simulator validates this theory. The instrustio a8
. © 600,000 -
mixes executed by the threads have been handdrafte g « C
to consist strictly of ALU instructions in the CPU- g 5000001
bound case, and strictly of load instructions ie th = 400000 |
>
memory-bound case. 2 300000 |
5200000—
4.5 =
4] - F 100,000 |
335 0
< OK 2K 8K 32K 128K 512K MB
g 3
E 25 | OB Working set size (per thread)
? 2
% 15 | Figure 4. Memory-bound workload with varying working set
E ac size.
s 1
0.5 I l Although this model has limitations, we will
0 - show in the next section that it is a good starpioat.
CPU-bound mem-bound We are currently extending our model to include
effects of cache contention and cooperative data
sharing.

Figure 3. Combined throughput delivered by all threads in the
system for each type of workload. Throughput hagnbe 5 SCHEDULING

normalized to the performance of System A. . . .
In the previous section we argued that properties
of the instruction mix can be useful in assessing
This simple experiment demonstrates that the pipeline contention and making scheduling decisions
instruction mix, and, more precisely, the average Mean cycles-per-instruction  (CPI), easily
instruction delay latency, can be used as a heufet determined using hardware counters, gives us aillusef
approximating the processor pipeline requiremeatts f window into the dynamic instruction mix of a
a workload. The scheduler can use the information o workload. CPI nicely captures average instruction
the workload's instruction mix for its scheduling delay, which can serve as a first approximation for
decisions. A thread with an instruction mix dométht  making scheduling decisions.
by long-latency instructions can leave functionaits In the following experiment, we make use of a
underutilized. Therefore, it is logical to co-schidit thread's single-threaded CPI (the CPI that would be
with a thread that is running a lot of short-latgenc observed if the thread were running on a dedicated
instructions and has high demand for functionatsuni processor). Threads with high CPIs usually have low
We stress that this is a heuristic; since it du#s  pipeline resource requirements, because they spend
model contention for other resources, it does not much of their time blocked on memory or executing
always predict performance. For example, this |ong-latency instructions, leaving functional units
technigue does not take into account effects oh&€ac unused. Threads with low CPIs have high resource
contention that surface when threads with large requirements, as they spend little time stalled.
working sets are running on the same processor.

Consider, for example, the memory-bound Core 0 Core 1 Core 2 Core 3
workload, modified to vary the working set size af (@ 1,6,11,16] 1,6,11,16 1,6,11,16 1,6,11,16
thread from eight bytes to 2MB. Figure 4 shows the ((2; i iv g'g i ?v élélj 11'1111i111i1;1 ié;lfél?é Lfs
results of this experiment, comparing the three @ [LLL1 6666 11 11 1L 41 16,16 16|16

systems. According to our simple heuristic, B and C
should perform comparably. However, in the middle Table 1: Assignment of threads to cores for schedules (a)-
part of the graph the two curves diverge. Theeasis (d). Numbers in cells show the single-threaded Céfls
the reduced L1 data cache hit rate on B, where fourtreads assigned to this core.

threads share the cache on the processor. In this experiment we configured our simulated
processor with four cores and four threads on each
core. The workload consists of 16 threads, fouheac
with CPI of one (CPU-bound), six, 11, and 16. We ru

AWe assume that cache hit rate and contention fanane
bandwidth are no worse on B than on A or C.



four different schedules, assigning threads to ca®
shown in Table 1.
We expect schedules (a) and (b) to perform better

affected by the resource contention that is already
present.

We are currently investigating the following

than schedules (c) and (d), because they scheduldopics to develop better CMT schedulers:

threads with low pipeline requirements (high CPI) «
together with threads that have high pipeline
requirements (low CPI). In schedules (c) and (d), «
there are two processor cores running multipleatiise
with a single-threaded CPI of one. Those cores avoul ,
be fully utilized, while other cores would be under
utilized. Figure 5 shows the experimental results.
Schedules (a) and (b) perform twice as well asa(d)
1.5 times better than (t)
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0
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Techniques for inferring single-threaded CPI,
given CMT CPI.

Determining the effects of cache contention on the
throughput of co-scheduled threads.

Investigating other workload characteristics, e.qg.,
static instruction mix, to improve scheduling
decisions.

Studying the nature and dynamics of CPls
exhibited by real workloads to understand whether
this is a viable metric to be used for scheduling
real applications.

Investigating ways to integrate these ideas with
other scheduling policies.

Testing our scheduling ideas on real workloads.

In this paper we have demonstrated that CMT

systems need new schedulers: a naive scheduler may
squander
performance, and existing SMT scheduling algorithms
do not scale to dozens of threads.

to half of available application

up

We have reported results of our simulation study

that helped us better understand some of the canses
effects of pipeline contention on CMT processors.

Based on our findings we proposed a scheduler that

makes use of CPI.
performance improvement over a naive scheduler.

Figure 5. Aggregate throughput achieved by each schedule.

Our scheduler yields a two-fold

This begs the question as to how a scheduler can7. ACKNOWLEDGMENTS

make these decisions in practice. We have measured
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the CPI of a number of applications and benchmarks Kadansky of Sun Microsystems for their useful
over time, and found that (a) measured CPI can varysuggestions and help with preparation of this paper

by an order of magnitude among applications, and (b

given recent behavior, we can predict the near-termg8, REFERENCES

CPI of a thread. Given the range and predictabdity
CPI, constructing a scheduler that balances loaasac
CPU cores on a CMT processor should be a simple
matter of engineering. We plan to further elab®ct
these results in future work.
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