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Abstract processor with eight cores, the quad-core Intel Xeon, and
dual-core systems from several vendors.
CPUs consume too much power. Modern complex cores All commercially-available general-purpose CMPs, as of
sometimes waste power on functions that are not useful for mid-2007, aresymmetrical each CPU is identical, and typ-
the code they run. In particular, operating system kernels doically, all run at the same clock rate. However, in 2003 Ku-
not benefit from many power-consuming features that were mar et al. [13] proposed heterogeneous (or asymmetrical)
intended to improve application performance. We propose multi-core processors, as a way of reducing power require-
using asymmetric single-ISA CMPs (ASISA-CMPs), mul- ments. Their proposal retains tlsngle-Instruction-Set-
ticore CPUs where all cores execute the same instructionArchitecture(single-ISA) model of symmetrical CMPs: all
set architecture but have different performance and powercores can execute the same machine code. They observed
characteristics, to avoid wasting power on operating systemsthat different implementations of the same ISA had order-
code. We describe various design choices for both hardwareof-magnitude differences in power consumption (assuming a
and software, describe Linux kernel modifications to support single VLSI process). They further observed that in a multi-
ASISA-CMP, and offer some quantified estimates that sup- application workload, or even in phases of a single applica-
port our proposal. tion, one does not always need the full power and functional-
ity of the most complex CPU core; if a CMP could switch a
process between cores with different capabilities, one could
1 Introduction maintain throughput while decreasing power consumption.
Since the original study by Kumaat al., several other

While Moore's Law has delivered exponential increases in studies [3’ 8, 14] have highlighted the beneflt_s from het-
computation over the past few decades, two well-known erogeneity. (Keynote speakers from some major processor
trends create problems for computer systems: CPUs con-vendors have also suggested that heterogeneity might be
sume more and more power, and operating systems do nof_:ommermally interesting [2, 22].) Ho_wever, all these stud-
speed up as rapidly as most application code does. Many!€S looked only at user-mode execution. But_ we knovy that
people have addressed these problems separately; we prd"a" yvorkloads spend much or most of their cyf:les in the
pose to address them together. operating system [23]. We filsq know tha_t operating system
Until recently, designers of high-end CPU chips tended to _(OS) c_ode differs fro_m application code: it av0|ds_ the float-
improve single-stream performance as much as possible, by"d Point processor, it branches more often, and it has lower
exploiting instruction-level parallelism and decreasing cycle c_ache locality (all reasons why OS speedu_ps _Iag applica-
times. Both of these techniques are now hard to sustain, sdion speedups on mod_ern CPUs). asymmetric smgle-ISA
recent CPU designs exploit shrinking VLSI feature sizes by CMP(ASISA'CMP) might therefore Save powet, V\_"thOUt re-
using multiple cores, rather than faster clocks. Examples of Ucing throughput, by executing OS code on a simple, low-
theseChip Multi-Processor§CMPs) include the Sun Niagra ~ POWer core, while using more complex, high-power cores for
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application code. priate state.” This also avoids polluting the guest-core caches

The main contribution of this paper is to propose and with code and data from hypervisor operations. (The side-
evaluate the ASISA-CMP model, in which (1) a multi-core, core approach is not specifically targeted at saving energy.)
single-ISA CPU includes some “OS-friendly” cores, optim-
ized to execute OS code without wasting energy, and (2) the . .

OS statically and/or dynamically decides which code to ex- 3 DeS|gn overview
ecute on which cores, so as to optimize throughput per joule.

To optimally exploit ASISA-CMP, we expect that the OS Our goal is to address two major challenges for multi-core
and the hardware both must change. This paper exploressystems: how to minimize power consumption while main-
the various design considerations for co-evolving the OS andtaining good performance, and how to exploit the parallelism
hardware, and presents experimenta| results. offered by a multi-core CPU. These two issues are C|OS€|y

linked, but we will try to untangle them somewhat.

2 Related work 3.1 Proportionality in power consumption

Ousterhout [20] may have been the first to point out that “op- We want to maximize the energy efficiency of our computer
erating system performance does not seem to be improvingsystems, which could be expressed as the useful computa-
at the same rate as the base speed of the underlying hardtional work (throughput) per joule expended. Fetral. [6]
ware.” He speculated that causes include memory latencieshave observed that the ideal system would consume power
and context-switching overheads. directly proportional to the rate of useful computational work
Nellanset al.[19] measured the fraction of cycles spentin it completes. We refer to this as the “proportionality rule.”
the OS for a variety of applications, and re-examined how OS Such a system would need no additional power management
performance scales with CPU performance, suggesting thatalgorithms, except as might be needed to avoided exceeding
interrupt-handling code interferes with caches and branch-peak power or cooling limits.
prediction history tables. They found that many applications  Fanet al. argue that “system designers should consider
execute a large fraction of cycles in the OS, and observedpower efficiency not simply at peak performance levels but
that “a classic 5 stage pipeline [such as] a 486 is surprisingly across the activity range.” We believe that the ASISA-CMP
close in performance to a modern Pentium 4 when execut-approach, with a careful integration of OS and hardware
ing [OS code].” However, instead of proposing an ASISA- design, can help address this goal. Of course, it is prob-
CMP, they suggest adding a dedicated OS-specific core. (Itisably impossible to design a system that truly complies with
not entirely clear how far their proposal is from a single-ISA the proportionality rule, especially since many components
CMP.) They did not evaluate this proposal in detail. consume considerable power even when the CPU is idle.
Chakrabortyet al. [11] proposed refactoring software so There are at least two ways that one might design a sys-
that similar “fragments” of code are executed on the same tem to address the proportionality rule. First, one could
core of a CMP. Their initial study treated the OS and the design individual components whose power consumption
user-mode application as two coarse-grained fragments, and/aries with throughput, such as a CPU that supports voltage
found speedup in some cases. However, they did not exam-and frequency scaling. Second, one could design a sys-
ine asymmetric CMPs or the question of power reduction.  tem with a mix of both high-power/high-performance and
Sanjay Kumatet al. [15] propose a “sidecore” architec- low-power/low-performance components, with a mechanism
ture to support hypervisor operations. In their approach, afor dynamically varying which components are used (and
hypervisor is restructured into multiple components, with powered up) based on system load.
some running on specialized cores. Their goal was to avoid The original ASISA-CMP model, as proposed by Kumar
the expensive internal state changes triggered via traps (e.g.et al.[13], follows the second approach, without precluding
VMexit in Intel's VT architecture) to perform privileged hy-  the first one. In times of light load, activity shifts to low-
pervisor functions. Instead, the sidecore approach transfergpower cores; in times of heavy load, low-power cores can
the operation to a remote core “that is already in the appro- offer additional parallelism without significant increases in
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area or power consumption.

In this paper, we extend the ASISA-CMP model by as- Table 1: Power and relative performance of Alpha cores

serting that the ideal Iqw-power core is one that is special- Alpha Peak | Average || Normalized vs. EVA
ized to execute operating system code. (More broadly, we core power power || IPC | area | power
consider “OS-like code,” which we will define in Sec. 4.3.1.) Ev4 497w | 3.73W | 1.00 | 1.00 | 1.00
; e EV5 9.83W | 6.88W | 130 | 1.76 | 1.84
This stems from several observat_lons. _ EVe 178w | 1068wl 187 | 854 286
e OS code does not proportionately benefit from the EV8 | 92.88W | 46.44W || 2.14 | 82.2 | 12.45
potential speedup of complex, high-frequency cores. All cores scaled to 0.&m; IPC based on SPEC CPU benchmarks
Thus, running OS code on a simpler core is a better use Based on data from Kumat al. [13]

of power and chip area.

e Most computer systems (with certain exceptions, such . _
as scientific computing) are often idle. If we could implemented in the same process technology. Clearly, the

power down complex CPU cores during periods when smallest core delivers significantly more performance per
they would otherwise be idle, we could improve propor- watt and per mrh In fact, these performance results were
tionality. based on the SPEC CPU benchmark suite; since operating

. N . ) system performance generally scales worse than application
The deS'Q”S explored in Fh's pap_er '”C'“‘?'e- ) performance [20], we believe the IPC ratios would be even
e Multi-core CPUs with a mix of high-power, high-

smaller for OS code.

complexity application cores, and low-power, low-
complexity OS-friendly cores. o

e Operating system modifications to dynamically shit 3.3 Complicating issues
load to the most appropriate core, and (potentially) to
power down idle cores.

e Modest hardware changes to improve the efficiency of
core-switching.

Various issues complicate the question of whether we can
improve throughput/joule by running OS (or OS-like) code
on special a OS-friendly core. We cover many details in sub-
) . sequent sections of this paper; here, we expose some general
Of course, the CPU is not the only power-consuming guestions. Many of these can only be resolved by exper-
component in a system, and ASISA-CMP does not addressimentation (possibly through simulation):; we describe our
the power consumed by memory, busses, and 1/O dev'cesexperiments later, in Sec. 7.
or the power wasted in power supplies and cooling systems.  The o key issues, as mentioned above, are the relative
Therefore, even if the CPU were perfectly proportional, the power consumption levels for various system components,
entire system would still fail to meet the proportionality rule. 54 the relative performance costs and benefits of switching
However, as long as CPUs represent the largest single poweggres In order for ASISA-CMP to pay off, we require that

draws in a system (see Sec. 3.3.1), improving their propor- it goes not reduce performance faster than it reduces power
tionality is worthwhile. consumption.

3.2 Core heterogeneity 3.3.1 How importantis CPU power?

The promise of ASISA-CMP depends critically on two facts Any real system includes multiple components that draw
of CPU core design: (1) for a given process technology, a power, and ASISA-CMP will not significantly change the
complex core consumes much more power and die area tharenergy consumption of components other than the CPU. In
a simple core, and (2) a complex core does not improve OSfact, if ASISA-CMP increases the time required to complete
performance nearly as much as it improves application per-a job (or set of jobs), the resulting increase in energy con-
formance. sumed by other system components may outweight the sav-
Table 1 shows the relative power consumption, perform- ings from the CPU cores.

ance (in terms of instructions per cycle, or IPC), and sizes Component power consumption varies tremendously
of various generations of Alpha cores, scaled as if all were across the variety of computer systems in use. In particular,
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Table 2: Example power budgets for two typical systems

Watts

System | Tot. | CPU (%) | Mem | Disk | PCI | Other
Blade servers (all with multiple CPUs; after [16])

Small 248 70 28% 48 10 50 70

Med. 442 170  39% 112 10 50 100

Large 1025 520 51% 320 10 75 100

Laptop (after [17])
Idle 131 20 15% 0.4 0.6 | N.A. 10.1
Busy 25.8| 134 52% 1 1| NA 10.3

laptops and servers have vastly different balances between
components. Table 2 shows a power breakdown for several
typical systems. The blade server results, taken from [16],
show “hameplate” (maximum) power budgets, and all have
either two or (for the “Large” configuration) four CPUs. The
laptop results, taken from [17], show measured results for
an idle system and for one running the PCMark CPU bench-

mark; in both cases, Dynamic Voltage Scaling was disabled 3.3.3
We have described the example in Figure 1 as if the applic-

and the screen was at full brightness.

fect cache performance in at least two ways: it could
harm cache affinity, by requiring cache lines (e.g., for
the data buffer of avrite system call) to move between
L1 caches, or it could reduce cache interference, by
keeping some OS code and data out of the application
core's cache.

Available parallelism: Given that the incremental cost
(in power and area) for adding an OS core to a CMP is
much lower than for an application core (see Sec. 3.2),
if there is available parallelism in the workload that ex-
tend to OS processing, an ASISA-CMP CPU could sup-
port more parallelism than a symmetric CMP CPU with
similar power and area. For example, a parallel “make”
command might benefit from having an OS core run I/O
processing while the application core is dedicated to an
optimizing compiler. Not all workloads will have this
kind of parallelism, of course.

Idle time

In all cases, except for the idle laptop, CPU power con- ation's system call does useful work. However, it could also
sumption was the largest single component of system powerpe plocked waiting for some external event, such as disk /O
consumption. For the Large server and the busy laptop, thegy the arrival of a Web request. Numerous studies (e.g.,
CPU (or CPUs) consumed slightly more than half of the total [ 21]) have shown that most computers are idle most of
power. This suggests that techniques, such as ASISA-CMPjihe time. Therefore, as pointed out by Fetral. [6], a use-
that address CPU power consumption can have meaningfuliy| design for meeting the portionality rule must significantly

effects on whole-system power consumption.

3.3.2 How does ASISA-CMP affect performance?

reduce power consumption during idle periods.
ASISA-CMP offers the option of powering down the
high-power application core(s), while maintaining OS func-

tions on a low-power core. For example, the arrival of a new

ASISA-CMP can affect performance in several ways:
e Running OS code on a slower CPUBY design,

Web (HTTP/TCP) connection normally precedes the arrival
of the actual HTTP request by at least one network round-trip

ASISA-CMP concedes some performance by running time (typically on the order of milliseconds or more). This
OS code on a slower core. As argued in Sec. 3.2, this would allow an OS core to handle the initial TCP connection

slowdown might be minimal. However, an application

request and then awaken the application core soon enough to

that spends much of its time in the OS could see a sig- Process the HTTP-level request without any delay.

nificant performance decline.
e Core switching costs ASISA-CMP inherently moves
a thread of execution from one core to another for cer-

3.4 Competing approaches

tain system calls. Core-switching creates longer code Given that the goal of ASISA-CMP is to improve perform-

paths for these system calls, and adds state-saving overance (in terms of throughput/joule), and it would require

head. changes to the design of CPU chips, we have to compare
e Cache affinity vs. cache interference We assume it against possible competing approaches.

that the cores in a CMP CPU share a single L2 cache Other potential alternatives include:

but have private L1 caches. Core-switching could af- e Complex-core with dynamic Voltage/Frequency
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scaling This could be especially effective at saving

Thread A

Kernel entry overhead Kernel exit overhead

power in systems with lots of idle time. However, we  user mode ~ A / >
suspect that the lowest-power mode for V/F scaling on " ™% Cache\, : Imena&;;_—'f\mterrupt exit
. . . - 3 head
a complex core is still much higher than the power inererence overnead g %
el

drawn by an ASISA-CMP CPU with the application
core turned off.

(a) Single-core CPU

e Complex-core with power-down on idle In such a
system, a idle core would wake up on any external in-
terrupt. This approach could also be especially effective
at saving power in systems with lots of idle time, espe-
cially if the system is not forced to wake up on every
clock tick even if there is no work to do. However, this
approach only works if the system is truly idle for mod-
erately long periods; a server system handling a min-
imal rate of request packets, for example, might never
stay idle for long enough.

e Lots of simple cores A CPU with lots of simple cores,
each of which could be independently power off, might
allow a close approximation to the proportionality rule.
However, this configuration can only get reasonable 4.1 Dynamic core-switching for OS kernel
throughput (and thus reasonable throughput/joule for code
the full system) if we can solve the general parallel pro-
gramming problem — a problem that has been elusive In any multiprocessor system, performance depends on
for many years. Amdahl's Law may be an inherent whether there is enough available parallelism to keep all
limit to this approach. processing elements busy. Specifically in an ASISA-CMP-

e Some cores with specialized ISAsOthers have ex- based system, there are two ways to optimize through-
plored this alternative [19]. We have ruled it out for this put/joule:
paper, because we believe that a single-ISA approach 1. If the system is underutilized: shift OS load to
makes it much easier to develop and maintain an oper- low-power cores, and power down high-power cores,
ating system, and because we have no way to simulate whenever possible.
multiple ISAs in one system. 2. If the system has available parallelism: shift OS load to

low-power cores, while keeping the high-power cores
as busy as possible with application code.

First, consider the case where there is no available
application-level parallelism. Figure 1 illustrates a simple
example for an application with just one thread. Figure 1(a)
We believe that the ASISA-CMP approach can be applied to shows a brief part of the application's execution on a single-
OS code in several ways, including: core CPU. When the application thread makes a system call,

1. Dynamically switching between cores in OS kernel execution moves from user mode to kernel mode and back.
code; see Sec. 4.1. Figure 1(b) shows the same execution sequence on a two-

2. Running virtualization “helper processing” on OS- core ASISA-CMP system. In this case, when the application
friendly cores; see Sec. 4.2. thread makes the system call, the kernel (1) transfers control

3. Running applications, or parts thereof, with “OS-like from the “application core” (core 1) to the “OS core” (core
code” on OS-friendly cores; see Sec. 4.3 0); (2) puts core 1 in low-power mode; (3) executes the sys-

To date, we have focussed all of our implementation and ex-tem call on core 0; (4) wakes up core 1; and (5) transfers

perimental work on the first approach. control back to core 1.

Kernel entry overhead Kernel exit overhead

Thread A N ‘
User mode, core 1 / Tcoretintonl 22
Kernel mode, core 1 \ power mode !
L
. - S

A\

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Kernel mode, core0 / -~
!,

N

*~-.__Cache’
affinity
overhead

Core~switch
overhead

dnie|
Eelicle]

(b) ASISA-CMP dual-core CPU

Figure 1:Example without thread-level parallelism.

4 Software issues
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oreng gl erryoverhead , Kemel ext overhead .+ "o booed reata 10T @N @pplication with two runnable threads, thread A and
Thread B (B b'ockefﬂ\‘j { / 4 e \/ T Theads thread B, where thread A is running at the start of the ex-
. .

User mode

Kernel mode ; T / ample, and again the thread makes a system call. Figure 2(a)
7 ‘ — — . . . . .
e ance '”‘55':,%‘;?,’”’@ %% shows the single-core case: while thread A is executing in
overhead £° g5 the kernel, thread B remains blocked until the scheduler de-
(a) Single-core CPU cides that A has run long enough. Figure 2(a) shows the
ASISA-CMP case: when thread A makes its system call, the
Kemelentry ovehead - Cache iterference overhead---—-~____ kernel switches that thread to the OS core (core 0), thread B
Thread A \ y~-~ (Ablacked) i~ TeadA  Ca&N NOW run on the application core (core 1).
Thread B - (B-blocked)\ » /(B blocked)Thread B . . . .
User made, core 1 / Again assuming that the switching overheads are not too

Kernel mode, core 1

e Gegncoreswichorm) fjr(ms’hw’swnch oa  large, the use of ASISA-CMP increases the utilization of the
application core, because OS execution is moved to a more

Kernel mode, core 0

/ AN 3 4 :
Cord-swich ‘~~—~a0f2f15§ d gg g g appropriate core.
overhea k=1 2 q
(b) ASISA-CMP dual-core CPU
4.2 Running virtualization helpers on
Figure 2:Example with thread-level parallelism. OS-friendly cores

So far, we have discussed the operating system as if it were a
single monolithic kernel. Of course, many operating systems
designs, both in research and as products, have been decom-
posed; for example, into a microkernel and a set of server
processes. Sec. 4.3 discusses the possibility of running dae-

If the OS core draws significantly less power than the ap-
plication core while not significantly reducing performance
on OS code, and there were no overheads for switching
cores and for changing the power state of core 0, then the .
ASISA-CMP system would have higher throughput per joule Mon processes on a OS-frlendIy core.
than the single-core system. These two “ifs” are two of the However, a different kind of decomposition has become

key questions for this paper: are there real benefits to run_popular: the Cre‘?‘ﬁo” of one or more virtualization layers
ning OS code on specialized cores, and are the overhead etween the traditional operating system and the hardware.

small enough to avoid overwhelming the benefits? hese layers basically execute OS kernel code, but in a

Figure 1(a) and (b) also show what happens on the arrivalﬁ“ﬁeri?t protect||0n domg_g ftron; the gu:;st OSC.)nge_ bed'l
of an interrupt. In the single-core system, application exe- Ieve these are clear candidates for execution on Ls-riendly

cution is delayed both for the actual execution of the inter- cores. They also tend to be bound to specific cores, which

rupt handling code in the OS, and also for interrupt exit and eliminates the performance overhead of core-switching.

entry. In the ASISA-CMP system, the application continues V'\';l,(\)/lte t_hitt thed use of t(f:]urrent \?gual ”TaCh'”e m_(t)nr:t_ors
to run without delay (except perhaps for memory-access in- ( ) might undermine the use of dynamic core switching

terference). This would probably be true for any multicore for kernel code, because a guest operating system running

system, but in the ASISA-CMP approach, interrupt handling n a \_/fl_rtual macl?l_ne mlght';ln(?[thbte at\)/l;f\(/l)‘blndt afthrezid :[[?1 a
happens on a power-optimized core, rather than on a high-SloeCI Ic core. 11 1S possible that a S Intertace fo the
power core. guest OS could be augmented to expose the actual cores, or

Note that we compare the dual-core ASISA-CMP system at least to expose the distinction between application cores
against a single-core system, rather than against a Symmetgind OS-friendly cores, but we have not explored this issue in

ric dual-core system, because (in the underutilized case) irdetail
seems likely that a dual-core CMP would consume more e Xen's Domain 0: In Xen [4], and probably in sim-

power than a single-core system, without any increase in ilar VM systems, one privileged virtual machine is used
throughput. to multiplex and manage the I/O operations issued by
Next, consider the case where there is application-level the other virtual machines. This “Domain 0” probably
parallelism. Figure 2 illustrates another simple example, would be most power-efficient if run on an OS-friendly
6
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core. to run optimally on an ASISA-CMP.

* /0 and network helper threads: Several researchers  Note that if we use ASISA-CMP to execute entire OS-like
have proposed running I/O-related portions of the virtu- application processes (or, at least, threads) on OS-friendly

alization environment on separate processors. McAuley cores, this eliminates the performance overhead of core-
and Neugebauer [18] proposed “encapsulating oper- switching.

ating system 1/O subsystems in Virtual Channel Pro-
cessors,” which could run on separate processors. Reg- - e _—
nier et al.[24] and Brechet al. [5] have proposed run- 4.3.1  Defining and recognizing "OS-like” code
ning network packet processing code on distinct cores. If it makes sense to run OS-like application code on OS-
For both of these approaches, OS-friendly cores would friendly cores, how does the OS decide which applications
be a good match for optimizing power and performance. to treat this way? Programmers could simply declare their
applications to be OS-like, but this is likely to lead to mis-
takes. Instead, we believe that through monitoring the ap-
4.3 Running OS-like code on OS-friendly  propriate hardware performance counters, the OS can detect
cores applications, or perhaps even threads, with OS-like execu-
tion behavior.
Our hardware design is based on the observation that “OS  Aytomated recognition of OS-like code demands a clear
code” behaves differently from user code. However, the gefinition of the term. While we do not yet have a spe-
definition of an operating system is quite fluid; the same code cific definition, the main characteristics of OS-like code
that executes inside the kernel in a monoalithic system, suchare Jikely to include the absence of floating-point opera-
as Linux, may execute in user mode on a microkernel. Thus, tions; frequent pointer-chasing (which can defeat complex
we should not limit our choice of which code to execute on gata cache designs); idiosyncratic conditional-branch beha-
OS-friendly cores based simply on whether it runs in kernel yior [7] (which can defeat branch predictors designed for ap-

mode.. _ plication code), and frequent block-data copies (which can
Typical systems include much code that shares these chartimit the effectiveness of large D-caches).
acteristics with actual kernel code: Many of these idiosyncratic characteristics could be vis-

e Libraries: much of user-mode code actually executes ible via CPU performance counters. (Zhaetal.[26] have
in libraries that are tightly integrated with the kernel. In  suggested that performance counters should be directly man-
microkernels and similar approaches, it might be hard aged by the OS as a first-class resource, for similar reasons.)
to distinguish much of this code from traditional kernel We are not sure, however, whether support for ASISA-CMP
code. So, one might expect some library code to run will require novel performance counters.
most efficiently on an OS-friendly core. On the other  We also suspect that an adaptive approach, based on tent-
hand, we suspect that this would require core-switching atively running a suspected OS-like thread on an OS-friendly
far too frequently, and it might be hard to detect when core, and measuring the resulting change in progress, could
to switch. be effective in determining whether a thread is sufficiently

o Daemons: most operating systems (but especially mi- OS-like to benefit. This approach requires a means for the
crokernels) use daemon processes to execute code thaternel to determine the progress of a thread, which is an open
does not need to be in the kernel, or that needs to blockissue; in some cases, the rate at which it issues system calls
frequently. This code might also be run most efficiently could be a useful indicator.
on an OS-friendly core, and could easily be bound to the
appropriate core (most operating systems allow binding
a process to a CPU).

e Servers: Some applications, such as Web servers, Kernels already provide processor-affinity controls (e.g.,
might fall into the same category as daemons. However, schedsetaffinity on Linux). With asymmetrical cores, the
cryptographic code might run better on normal cores, kernel might also expose core configuration data, to allow
and so a secure Web server might have to be refactoredOS-like user code to select the right core.

4.3.2 Should asymmetry be exposed to user-mode code?
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S Implementation of dynamic Given a significant cost for core-switching, the tradeoff
_ ; ; is only beneficial for expensive, frequent system calls (e.g.,
core SWItChmg selector perhap®pen), but not fast or rare calls (e.@etpid
or exit). (Sec. 7.2 describes simple measurements of relevant
costs.) Further, for some system calls the decision to switch
should depend on how much work is to be done.read
system call with a buffer size of 10 bytes should not switch,
whereas one with a buffer size of 10K bytes probably should.
Our basic approach to core-switching is to modify certain
system calls so that the basic sequence is:

For the preliminary experiments in this paper, we made the
simplest possible changes to Linux (version 2.6.18) to allow
us to shift certain OS operations to an OS-friendly core. We
assumed a two-core system, and did not add code to power
down (or slow down) idle cores.

Kernels typically execute two categories of code:
“Bottom-half” interrupt-handler code, and “top-half”

system-call code. We used different strategies for each. e do initial validation of arguments _
e Decide whether there is enough work to do to merit

switching
5.1 Interrupt-handler code e If so0, invoke a core-switching function to switch to

an OS core
e do the bulk of the system call
o If we switched codes, core switch back to an applic-
ation core. We return, if possible, to the original core,
to preserve cache affinity.
o finish up and return
The steps in bold are the modifications we made. The details
differ slightly for each call that we modified, but generally
involve only a few lines of new code for each call.
In our current implementation, we core-switch on these
system callsppen, stat, read, write, readv, writev, select,

We believe that interrupt code (often known as “bottom half”
code) should always prefer an OS-friendly core. The OS can
configure interrupt delivery so as to ensure this.

Linux already provides, via thiepr oc/ i r g directory in
the/ pr oc process information pseudo-filesystem, a way to
set interrupt affinity to a specific core. We do this only for
the NIC; most other devices have much lower interrupt rates,
and the timer interrupt must go to all CPUs.

It is possible that the interrupt load could exceed the ca-
pacity of the OS core(s) in a CPU. If so, should this load be

spread out over the other cores? This might improve system : ) A
poll, andsendfile. For read, write, and similar calls, we

throughput under some conditions, but it might be better to bitrarily defined “ h work” b _
confine interrupt processing to a fixed subset of cores, as garbitrarily defined "enough work” as 4096 bytes or more; we

way to limit the disruption caused by excessive interrupts. In have not yet tried to optimize this choice.

our experiments, we have statically directed interrupts to the \_Ne_ have two dlff_erent _|mplementat|ons of the core-
(single) OS core switching function,asisaSwitchCores a very slow design

that works, and a faster design that, unfortunately, we were
unable to debug before the submission deadline. We describe
5.2 System calls each version below.

) ) ) ) In either case, we dedicate one or more coré3asores
We faced two main challenges in our implementation of core { avecute only OS code, and we modified the kernel to main-

switching for system calls: how to decide when to switch, 5in pitmaps designating the OS cores and the application
and how to reduce the switching costs. Switching cores takes.y ag.

time, because
1. switching involves executing extra instructions;
2. switching requires transferring some state between§ 3 Core-switching via the Linux migration

CPUs; _ _ mechanism
3. if the target core is powered down, it could take about

a thousand cycles to switch [13]. Note that in our cur- Linux already includes a load-balancing facility that can mi-
rent implementation, we do not attempt to power-down grate a thread from one CPU to another [1]. For our initial
idle cores; we defer further discussion of this issue to implementation ofsisaSwitchCoreswe used this mechan-

Sec. 5.6. ism. This gave us a simple implementation: we block the
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calling thread, make it eligible to run only on the target des-

tination CPU, place it on a queue of migratable processes, Table 3: Core-switching overheads

and then invoke Linux's per-CPU migration thread. Core-switching

This is an expensive procedure, since it involves a thread- System call disabled | enabled | Overhead
switch on the source CPU, and invokes the scheduler on both getpid 84 4183 4099
; ; ; select/empty 120 121 1
the sobur(ije and d_estlnat|on CPUs .I.I. and the entire procedure select/non-empty 350 A6a7 4297
must be done twice per system call. readv N = 16 6027 6018 9
readv N = 64 22517 | 26758 4241
o . - readv N = 512 176503 | 181767 5264

5.4 Core-SW|tch|ng via a modified scheduler Times are in nsec. per call; trial is 10M invocations of system call (except

L 10K invocations foreadv); result is from best of 10 trials.
In an attempt to speed up core-switching, we wrote a ver-

sion of asisaSwitchCoreghat directly invokes a modified,

somewhat simplified version of the Linux scheduler. Linux Seconds per system call. Thelectcall with an empty fd-

allows a thread (running in the kernel) to call thehedule ~ Set, and theeadv call with N = 16, both have essentially

procedure to yield the CPU. We wrote a modified version, N0 overhead because they do not have enough work to core

asisaYield which deactivates the current thread, places it on SWitch (16 blocks of 64 bytes is well below the 4096-byte

a special per-CPU queue for the target CPU, does the usuafhreshold we set for “enough work” feeadv).

scheduler processing to choose the next thread for the source The per-call overhead faoeadv call N = 512 increases

CPU, and finally sends an inter-processor interrupt to the Slightly over that forN' = 64, possibly because the larger

destination CPU. (Linux already uses this kind of interrupt buffer size (32K bytes) represents a significant number of

to awaken the scheduler when doing thread migration.) cache-line transfers between cores, or perhaps because copy-
When the interrupt arrives at the destination CPU, it in- ing it from the user buffer to a kernel buffer causes conflicts

vokes another modified version of the schedsisaGrah in the 64KB L1 cache.

which dequeues the thread from its special per-CPU queue,

:)g/fl?nssing the normal scheduler logic to choose which thread5_6 Powering down cores

Kumaret al.[13] assumed that “unused cores are completely

powered down, rather than left idle,” as a way to minimize

wasted power. Given their estimated thousand-cycle cost to

To quantify the cost of core switching, we modified a kernel power-up a core, this might not be the best choice, especially

5.5 Core switching costs

to switch on thegetpid system call. This call does almost
nothing, so it is a good way to measure the overhead. We
wrote a benchmark that bypasses the Linux C library's at-
tempt to cache the results gétpid; the benchmark pins it-
self to the application core, then invokgstpid many times

in a tight loop. We wrote similar benchmarks to measure the
latency ofselectwith both an empty file-descriptor set (fd-
set) and a one-element fdset which is always “ready”, and
of readv (which reads into a vector aV buffers) reading

N = 16,64, 512 blocks of 64 bytes from a file in the buffer
cache.

The results in Table 3 were measured on our modified
Linux 2.6.18 kernel running on a dual-core Xeon model 5160
(3.0GHz, 64KB L1 caches, 4MB L2 cache) system, with
and without core-switching enabled. In general, our known-
to-be-slow core-switching code adds slightly over 4 micro-

for an OS core that is handling lots of interrupts or system
calls, or where interrupt latency is critical.

How should the kernel decide when to power-down
cores? We suggest an adaptive approach:

1. If the OS expects to return quickly to an application,
it should keep the application core powered up. (The
OS might expect to return “slowly” if the application is
blocked on disk I/O, for example.)

The OS can track the rates of system calls and inter-
rupts. If the combined rate has been low, it could power-
down the OS core after returning (although perhaps the
arrival of any interrupt implies a likely increase in the
rate of system calls?). If the rate exceeds a threshold,
the OS core should remain powered up. (Feedback-
based optimization could be useful here.)

One possible alternative to completely powering down a core

2.
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is to drastically reduce the core's voltage and frequency.
Sec. 6.2 discusses idle-CPU power states in more detail.

guent branch behavior, but badly for code with frequent
and hard-to-predict branches, as is typical of OS code.
An OS core can potentially have a simple pipeline and
still achieve close to the performance of a much more
complex pipeline, but with significant power and area
savings.

Branch-prediction tables: Branch prediction (BP)
helps CPUs avoid stalling to determine if a branch will
be taken or not. BP performance depends on the size
of the CPU core's prediction tables. While we know
of no studies addressing whether kernel-only execution
would be optimized by a different table size than for
mixed kernel+user execution, Gla@t al. [7] reported
that one should not base simulations of BP on user-
only traces if the kernel accounts for even 5% of execu-
tion time. This result suggests that an OS-friendly core
might need a different BP table than a general-purpose

6 Architectural support

The ASISA-CMP approach exposes a number of hardware 4
design choices, which we discuss in this section. Most of
these are open issues, since we have not yet done the simu-
lation studies to explore all of the many options.

6.1 Design of ASISA-CMP processors

How should an “OS processor” in an ASISA-CMP differ

from the other processors? We strongly favor the single-ISA
model, since it greatly simplifies the design of the software,
and because it still allows flexible allocation of computation

to cores. But given a single ISA, many choices remain:
e Non-architectural state: Different implementations of

an ISA often expose different non-architectural state
to the operating system. (“Non-architectural state” in-
cludes CPU state that might have to be saved when a
partially-completed instruction traps on a page fault.)
The OS needs to be aware of these differences to be
able to support the appropriate emulation.
Floating-point support: Most kernels do not use float-
ing point at all, and so one might design the OS core
without any floating-point pipeline or registers. If a
thread with FP code somehow did end up executing on
the OS core, it could trap into FP-emulation code, pre-
serving the single-ISA view at a considerable perform-
ance cost.

Caches: CMPs typically have per-core first-level (L1)
caches, and a shared L2 cache. Cache designers have
many choices (line size, associativity, total cache size,
etc.). OS code tends to have different cache behavior
than application code [23]; for example, the kernel has
much less data-cache locality. On the other hand, a
large instruction cache might capture a lot of OS ref-
erences. An OS core could have smaller caches overall,
or it could have a larger L1 I-cache at the expense of a
smaller L1 D-cache.

Pipeline: Modern cores have complex pipelines (one 6.2

version of the Pentium 4 had 31 stages; more recent

core, although it is unclear whether an OS-friendly core
could use smaller tables. Their result also suggests that
keeping OS and user code on separate cores would im-
prove branch prediction.

Number of OS cores:While this paper mostly assumes
an ASISA-CMP with a single OS-friendly core, there
is no inherent reason why there should be just one.
Future CMPs might have dozens of cores [12], so an
ASISA-CMP designer would probably have to choose
the appropriate fraction of OS-friendly cores to optim-
ize power vs. performance for a range of anticipated
workloads. (One might imagine a small family of CPU
products that differ only on this axis, for different mar-
kets.)

Proximity to 1/0: A system that tries to execute OS
code on an OS-friendly core will, in most cases, use
that core for I/O operations. CPU designers are moving
towards on-chip integration of /O hardware (e.g., PCI
Express controllers, HyperTransport, or Intel's CSI).
While these features will probably not soon be in-
tegrated into individual cores, placing the OS-friendly
core(s) near the on-chip 1/O components should re-
duce wire lengths, improving performance and redu-
cing power consumption.

Idle-CPU power states

systems have somewhat fewer stages). Deep pipelineddeally, we want to be able to put an idle core into a zero-

work well for applications with predictable or infre-

10

power state with no delay for entry or exit. In reality, the
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exit transition takes a relatively long time; we may have to
settle for transitioning the core into a low-power state. For
example, the Advanced Configuration and Power Interface
standard [10] specifies multiple “C-states” progressively in-
creasing in aggressiveness of power management. These use
a wide variety of options, including gating, voltage and fre-
guency control, architectural throttling (e.g., 4-way issue to
1-way issue), memory sleep states, controller and coherence
shut-down, etc.

Open questions include:

e Is there a fundamental tradeoff between the power con-
sumption in a low-power state and the delays for enter-
ing and leaving that state?

e What are the fundamental limits to the speed of these
transitions? Is there room for further innovation in sup-
port of rapid power-level changes, and leakage power
reduction in low-power states?

e What new mechanisms might help speed up these trans-
itions?

e Would ASISA-CMP yield better overall performance
(throughput/joule) if it used a deep idle state with high
transition costs, or a shallow idle state with low trans-
ition costs? If the choice depends on the application
mix, as seems plausible, could the the OS decide dy-
namically between these approaches (e.g., by estimat-
ing duration of the next idle period based on observa-
tions of past behavior).

7 Preliminary results

sends data as quickly as possible over a single TCP con-
nection. It sets up a socket and callsnd() in atight
loop. Normally this call returns as soon as the data is
copied out of the user's buffer. However, if the ker-
nel socket buffer is full, the call will block until space
is available, potentially idling the processor. The user
time spent executing this benchmark is minimal, and
most of the CPU time is spent in the kernel driver man-
aging the NIC or processing the packet in the TCP/IP
stack. We used netperf:s enabl e- di rty config-
uration option, which ensures that its 1/0 buffers are
always dirty in the data cache.

We also used these netperf tests:

e TCP_MAERTS: Like TCP.STREAM, but the
server sends the data to the client

e TCP_RR: Instead of streaming bulk data in one
direction, in this test the client repeatedly executes
request-response transactions with the server.

e TCP_CRR: Like TCPRR, but initiates a new
connection for each transaction. (Note that we do
not currently switch cores on th@nnectsystem
call.)

e Compile: compile the Linux kernel, with optimization
e Re-Aim-7 [25]: an Open Source implementation of the

AIM Benchmark Suite VII; AIM-VII is widely used by
UNIX system vendors.

7.2 Time spent per system call

We ran a preliminary experiment to determine how much
The experiments we report in this paper are quite prelimin- time is spent in the top half of each system call. In partic-
ary. While we are planning to run extensive simulations of ular, for a given workload and a given system call, what is
the ASISA-CMP architecture, we do not yet have a fully- the average time spent in the call, and what fraction of time
debugged simulation. is spent in that call during the whole workload?

These experiments were all performed using Linux 2.6.18

We modified the Linux 2.6.18 kernel (not the core-

kernels running on a dual-core Xeon model 5160 (3.0GHz, switching version of the kernel) to record the number of

64KB L1 caches, 4MB L2 cache). cycles spent in, and invocations of, each system call, not
counting time when the process was blocked. For example,
7.1 Workloads for a single minute-longVeb trial, Table 4 shows the top 10
system calls, by total number of cycles, and excluding any
We used these workloads in our tests: calls that averaged under 2K cycles/call.

e Netperf TCP_STREAM: We used the TCESTREAM

This is obviously a crude measure of which system calls

benchmark from the Netperf [9] microbenchmark suite are “expensive” enough to merit switching CPUs. The res-
developed at Hewlett-Packard. In this benchmark, the ults will vary between architectures, kernel versions, applic-
client (the system under test) connects to a server andations, phases within an application, etc.
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plementation.

Table 4: System call costs: 1-minuf¥éeb trial 3. We canignore the time it takes to transition a core out of
Callname | Count | Tot cyc. | CycJcall | Cum. % a powered-down state, by assuming that this is smaller
sendfile 50627 | 3058.86M 60419 | 20.50% than the excess in core-switching costs. However, we
stat64 78851 | 2226.89M 28241 | 35.42% do attempt to model the power consumed during these
write 78473 | 2142.91M 27307 | 49.78% transitions
writev 60164 | 1585.92M 26359 | 60.40% 4 Wi : hat the i " .
socketcall | 181108 | 1522.33M 8405 | 70.60% - We assume that the time to transition a core into a
read 141616 | 1309.60M 9247 | 79.38% powered-down state is negligible.

Opﬁn 43165 | 1043.67M 24178 | 86.37% 5. Following Kumatret al.[13], we assume that powered-

po 79373 | 743.66M 9369 | 91.36% u ; ; .
Istat6a 90105 | 565.02M 6270 | 95.14% _down core”s suffer no static leakage or dynamic switch
close 49221 | 446.84M 9078 | 98.14% INg power.

6. The timing of I/O events on the system we tested would
not change significantly on an actual ASISA-CMP sys-
tem, and hence we do not have to correct for differences

As we described in Sec. 5.2, the decision in our modified . . )
in I/O waiting time.

kernel about whether or not to switch cores during a system . . :
callis, in some cases, conditional on how much work the call Given th.ese assumptions, our model has the following
expects to do. Therefore, while Table 4 presents averages forparametgrs. ) )

cycles/call over all invocations of a given system call, our ® Application core power: 27 W (approximately 1/3 of

code switch on a subset of those calls with a higher mean. the 80W TDP for the Intel 5160 chip).
e OS core power: we modelled several values &, =

1w, 5W, and 10W.

7.3 Performance vs. power: methodology e CPU power-up time: Following Kumaret al. [13], we

assume that it takes 1000 cycles (333 nsec. at 3.0GHz)
Since we do not yet have the ability to simulate an ASISA- to transition out of a powered-down state. This is based
CMP system with a low-power OS-friendly core, we instead partly on their assumption that a single phase-locked
ran our modified Linux kernel on the dual-core Xeon system. loop is shared among all cores, so the power-up delay
We added instrumentation to this kernel to track when each is dominated by the time to charge and stabilize power
core entered or exited the idle thread. We record the indi- buses.

vidual idle-time durations in a logarithmic histogram, with

one bucket per power of two. This means that we can po-

tentially underestimate the idle time by a factorof uptotwo, 7.4 Results
although the mean error should be smaller.

These idle time measurements allow to crudely model the Table 5 shows results for the re-aim-7 benchmark. Results
performance vs. power effects of ASISA-CMP. Our current shown are the means of five trials. We ran two different test
model depends on several big assumptions: suites, “alltests” and “higlsystem”, each with 5 and 20 sim-

1. We can model the power of the application core by as- ulated users. The higbystem test apparently was designed
suming it is approximately one third of the Thermal to spend a lot of time executing in the operating system.
Design Power (TDP) of the CPU in our system. (We as-  The table columns show the jobs per minute rate achieved
sume that the L2 cache consumes about as much powelthis is the re-aim-7 figure of merit); the amount of idle
as either of the two cores.) time we measured for each core in ASISA-CMP mode;

2. We can model the power and performance of the OS and the jobs/minute/joule result for (respectively) the single-
core by arbitrarily picking a plausible power level for code system, and ASISA-CMP kernels when modelling
a simplified core, and then assuming that OS code runs Pos = 1W, 5W, and 10W, respectively. In this (admittedly
as fast on this core as it does on the actual CPU. This crude) set of experiments, ASISA-CMP delivers a better
is clearly a bogus assumption, but it is offset somewhat jobs/minute/joule result than the single-core system, except
by the excessive core-switching costs of our current im- when the ASISA-CMP OS core consumes 10W or more.
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Table 5: Results from re-aim-7 benchmark

Jobs/minute ASISA-mode idle time Jobs/minute/joule
Configuration 1-core | ASISA | OScore | Appcore || 1-core | ASISA/IW [ ASISA/5W | ASISA/I0W
alltests/5 users 2738 3091 8.22 5.93 7.88 18.44 14.41 11.32
alltests/20 users 7468 7598 12.53 3.53 15.50 19.14 16.26 13.68
high.system/5 users 1501 1498 16.33 15.45 2.43 6.68 4.74 3.48
high.system/20 userg 5552 5489 16.82 14.04 8.37 17.39 13.23 10.19
Results are means for 5 trials

Table 6: Results from Netperf benchmark

Bandwidth Mbit/sec | ASISA-mode idle time Mbits/sec/joule
Configuration | 1-core | ASISA | OScore [ Appcore || 1-core | ASISA/IW | ASISA/5W [ ASISA/10W
TCP.STREAM | 941.50 941.37 43.56 37.34 0.58 1.40 1.03 0.78
TCP.MAERTS | 941.38 941.42 43.68 40.20 0.58 1.58 1.13 0.83

Transactions/sec ASISA-mode idle time Transactions/sec/joule
Configuration 1-core | ASISA | OScore | Appcore || 1-core [ ASISA/IW | ASISA/5W | ASISA/10W
TCPRR 11312.40| 11329.90 45.86 37.95 6.55 14.76 11.07 8.43
TCP-CRR 4895.40| 4877.19 47.44 37.49 2.83 6.25 4.71 3.60

Results are means for 5 trials

Results in Table 6 for the Netperf benchmarks show that [2]
ASISA-CMP, with all three values oPys, delivers better
bandwidth or transactions per joule than the single-core sys- [3l]
tem. (We ran 1-minute trials for these benchmarks, over a
1Gbit/sec Ethernet.)

Results in Table 7 for the Linux compilation, on the other [4]
hand, did not show a net benefit for ASISA-CMP. Even with
Pps = 1W, the ASISA-CMP system consumed more power
during the compilation benchmark. Apparently, this bench-
mark mostly does relatively short system calls.

(5]

[6]
8 Summary

-
We have taken the first steps toward evolving Linux to sup- 7
port ASISA-CMP, and the first steps to evaluating its per-
formance. The approach has promise; we need to do a more [g]

thorough study to prove it.
[9]
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