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Improving Server Performance on Multi-Cores via
Selective Off-loading of OS Functionality

David Nellans, Kshitij Sudan, Erik Brunvand, Rajeev Balasubramonian,
School of Computing, University of Utah
Salt Lake City, Utah 84112
{dnellans, kshitij, elb, rajeev}@cs.utah.edu

Abstract—Modemn and future server-class processors will in- machines (VMs) and tasks will likely be consolidated on
corporate many cores. Some studies have suggested that it maysimpler, many-core processors [6], [23]. Not only will the
be worthwhile to dedicate some of the many cores for specific 5 5jications often be similar to existing applications that have

tasks such as operating system execution. OS off-loading has . .
two main benefits: improved performance due to better cache heavy OS interaction, the use of VMs and the need for resource

utilization and improved power efficiency due to smarter use allocation among VMs will inevitably require more operating
of heterogeneous cores. However, OS off-loading is a complexsystem (or privileged) execution.

process that involves balancing the overheads of off-loading The OS off-load approach has only recently come under
against the potential benefit, which is unknown while making scrutiny and more work is required to fully exploit its poten-
the off-loading decision. In prior work, OS off-loading has been tial. includi d understandi f 10S Kload
implemented by first profiling system call behavior and then _'a' Including a goo u_n ers an Ing of server. workioads
manually instrumenting some OS routines (out of hundreds) to 1N datacenters, evaluating the impact of co-scheduled VMs,
support off-loading. We propose a hardware-based mechanism to technologies for efficient process migration, technologies for
help automate the off-load decision-making process, and provide efficient cache placement and cache-to-cache transfers, etc.
high quality dynamic decisions via performance feedback. Our The work by Brown and Tullsen [9], for example, attempts to

mechanism dynamically estimates the off-load requirements of desi | lat iqrati hani that i
the application and relies on a run-length predictor for the esign a low-latency process migration mechanism that Is an

upcoming OS system call invocation. The resulting hardware important technology for OS off-load. Similarly, in this paper
based off-loading policy yields a throughput improvement of up we assume that OS off-load is a promising approach and we

to 18% over a baseline without off-loading, 13% over a static attempt to resolve another component of OS off-load that may
SO‘;.tware based policy, and 23% over a dynamic software based o assential for its eventual success, viz, the decision-making
policy. process that determines which operations should be off-loaded.
l. INTRODUCTION While OS off-load has a significant energy advantage [17], this
In the era of plentiful transistor budgets, it is expected thaaper primarily focuses on the performance aspect. We expect
processors will accommodate tens to hundreds of processihgt our proposed design will also be useful in an off-loading
cores. Given the abundance of cores, it may be beneficialinaplementation that optimizes for energy efficiency.
allocate some chip area for special-purpose cores that are cug?ast work has demonstrated the potential of OS off-load
tomized to execute common code patterns. One such commuthin multi-cores for higher performance [10] and energy
code is the operating system (OS). Some prior studies [16fficiency [17]. In these works, the fundamental mechanism
[17], [19] have advocated that selected OS system calls be défr OS isolation,off-loading, remains the same. Off-loading
loaded to a specialized OS core. This can yield performaniceplementations have been proposed that range from using
improvements because (i) user threads need not compete Wl OS’ internal process migration methods [17], to layering
the OS for cache/CPU/branch predictor resources, and (ii) @Sightweight virtual machine under the OS to transparently
invocations from different threads interact constructively at thmigrate processes [10]. In these studies, the decision process
shared OS core to yield better cache and branch predictdiwhich OS sequences to off-load has been made in software,
hit rates. Further, in a heterogeneous chip multiprocessor, titdizing either static offline profiling or developer intuition.
OS core could be customized for energy-efficient operatidmnis process is both cumbersome and inaccurate. Firstly,
because several modern features (such as deep speculatltere are many hundreds of system calls, as seen in Table |,
have been shown to not benefit OS execution [17], [19]. and it will be extremely time-consuming to manually select
Hardware customization for OS execution has high poteand instrument candidate system calls for each possible OS/
tial because the OS can constitute a dominant portion lefirdware configuration. Secondly, OS utilization varies greatly
many important workloads such as webservers, databasespss applications and off-loading decisions based on profiled
and middleware systems [10], [19], [21]. These workloads/erages will be highly sub-optimal for many applications.
are also expected to be dominant in future datacenters andhis paper attempts to address exactly this problem. We
cloud computing infrastructure, and it is evident that suabnly focus on performance optimization with OS off-loading
computing platforms account for a large fraction of moderron a homogeneous CMP. We contribute to the existing body
day energy use [23]. In these platforms, many different virtuaf work by proposing a novel hardware mechanism that can
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TABLE | . . . . .
NUMBER OF DISTINCT SYSTEM CALLS IN VARIOUS OPERATING sysTEms  applications. Apache 2.2.6 serving a variety of static webpages

selected at random by a serverside CGI script, SPECjbb2005

Sﬁﬂghg‘ggko #ngja"s Bﬁr;ﬁ:n;azrk # Slygsga”s (a middleware-type system), and Derby (a database workload

Linux 2.6.16 310 Linux 1.0 143 from the SPECjvm2008 suite) comprise our server oriented

Linux 2.4.29 259 Linux 0.01 67 workloads. Our server benchmarks map two threads per core

FreeBSDCurrent 513 Windows Vista 360 . ..

FreeBSD5.3 444 Windows XP 288 except Apache which self tunes thread counts to optimize

FreeBSD2.2 254 Windows 2000 | 247 throughput. This 2:1 mapping allows workloads that might

OpenSolaris 255 Windows NT 211 . . . . .
stall on I/O operations to continue making progress, if possi-
ble.

beemployed on nearly any OS/hardware combination. At run- All benchmarks were warmed up for 50 million instructions
time, we dynamically estimate the level of off-loading that wilprior to being run to completion within the region of inter-
be most beneficial for the application. Off-loading involvesst, using throughput as the performance metric. For single
non-trivial interactions: reduced cache/branch predictor intefrreaded applications, throughput is equivalent to IPC. In
ference for the user thread, more cache coherence missesnigfhy experiments, the group of compute bound applications
the OS and user, overhead for off-load, queuing delay at theplays extremely similar behavior. For the sake of brevity,
OS core, etc. We must therefore first estimate how aggressive represent these applications as a single group in our graphs,
the off-loading mechanism needs to be and then estimateaifd note any outlier behavior.
each OS invocation should be off-loaded. At the heart of Off-loading Decisions and Instrumentation Cost. We
our proposed scheme is a predictor that accurately estimajRsv the work by Chakraborty et al. [10] and Mogul et al. [17]
the length of upcoming OS sequences. We show that sugh the state-of-the-art in OS off-loading. In both of these
a hardware-based scheme enables significant benefits figgiks, off-line profiling and developer intuition is used as
off-loading, out-performing static software instrumentation as guide to identify what are typically long-running system
well as a similar dynamic instrumentation in software. It alsgalls. These system calls are then manually instrumented
greatly simplifies the task of the OS developer, while incurringo that their invocation results in a process migration from
only a minor hardware storage overhead of about 2 KB. the application’s core to a dedicated OS core. The reverse
A related alternative to off-loading is the dynamic adapmigration is performed when the system call completes.
tation of a single processor’s resources when executing OSPrevious proposals [10] have involved a VMM to trap OS
sequences [15], [20]. While the dynamic adaptation schemg&cution and follow a static off-loading policy based on off-
do not rely on off-loading, the decision making process dine profiling. Manual instrumentation of the code can allow
when to adapt resources is very similar to that of making offhe decision-making process to be smarter as the length of that
loading decisions. We therefore expect the proposed predictiggecific system call invocation can be estimated based on input
mechanisms to be useful for other forms of OS optimizatiasrguments [14], [17]. For example, the duration of tead
as well, although this is not evaluated in the paper. system call is a function of the number of bytes to be fetched
from a file descriptor offset and thus can vary across invoca-
tions. Even such instrumentation has several short-comings. In
Historical Perspective.Off-loading execution from a tradi- some cases, the read syscall may return prematurely if end-of-
tional general purpose microprocessor is not a new idea. Fite is encountered (for other syscalls too, the input arguments
instance, in the 1980’s floating point hardware often existed amy not always be good predictors of run length). In yet other
a co-processor that could be plugged into an additional sockeses, the system call may be preempted by an additional
on many motherboards. This essentially amounted to offng OS sequence initiated by a external device interrupt. The
loading floating-point execution. Until recently, the memorgabove effects cannot be accurately captured by instrumentation
controller for the DRAM sub-system was implemented in thalone. Therefore, even sophisticated instrumentation can often
north-bridge, but recent CPUs now have an integrated memdugy inaccurate. A history based predictor of OS run-length has
controller. Graphics rendering can be done entirely withithe potential to overcome these short-comings.
software on the CPU, or it can be sent to a dedicated videdWe frequently see one or both of the following patterns:
card that can render polygons more efficiently due to a (vastig) an application that invokes many short OS routines, (b)
different microarchitecture. Given the abundance in transist@s application that invokes few, but long running, routines.
today, off-loading within a multi-core can be attempted as Bepending on the application, reduced cache interference may
design optimization for common code patterns such as the observed by off-loading one or both classes of OS routines.
operating system. As we show later in the Section V, contrary to what intuition
Benchmarks. For this work we examine a broad varietymight indicate, it is often beneficial to off-load short system
of workloads to examine the effect that OS interference haalls, even those with shorter duration than the off-loading mi-
on cache performance. We look at a subset of benchmagtation overhead. When short system calls are also considered
from the PARSEC (blackscholes, canneal) [8] , BioBendhs candidates for off-loading, the overhead of instrumentation
(fasta protein, mummer) [3], and SPEC-CPU-2006 (mcfgreatly increases. The latency cost of instrumentation code
hmmr) [12] suites as representative of HPC compute boundn range from just tens of cycles in basic implementations to

II. BACKGROUND AND MOTIVATION
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150 .. . .
and writing architected register state to memory. The OS core

must then be interrupted, save its own state if it was executing
100 M Apache

125
mspEcbb2oos  SOMething else, read the architected state of the user core from
73 Derby memory, and resume execution. If there is data in cache on
50 " Compute A6 the user processor that must be accessed by the OS core, it
L I. must be transferred to the OS core (automatically handled by
the coherence mechanism). The aggressive scheme is based
25 50 100 250

on a technique proposed by Brown and Tullsen [9] and is

25

% Runtime Overhead

1

Average Instrumentation Cost in Cycles Per Invocaton assumed to incur a 100 cycle migration latency. They advocate
Fig. 1. Runtime overhead of dynamic software instrumentation for ame_lr_dware SF’ppO” for book-keepmg and thread schedullng
possible OS off-loading points utilizing an in hardware state machine, (a process normally

done in software by an OS or virtual machine).

hundreds of cycles in complex implementations. This overhead
is incurred even when instrumentation concludes that a specific
OS invocation should not be off-loaded. As an example, Instead of a software instrumentation process based on pro-
we instrumented the simplgetpid syscall implementation filed analysis, we propose a hardware-based mechanism that
in OpenSolaris. We found that adding a single off-loadingimplifies the task of the OS developer and makes high quality
branch that invokes off-loading functionality based on a statftecisions about the benefits of off-loading OS execution. Off-
threshold, increases the assembly instruction count from 17/egding leads to several complex interactions. First, it isolates
33 for this trivial instrumentation. Examining multiple registethe working sets of the application and the OS by placing
values, or accessing internal data structures can easily bl@@st of the application’s data in its own cache and most of
this overhead to hundreds of cycles which quickly penalizée OS’ data in the OS core’s cache. This reduces cache and
performance. Figure 1 shows the significant performance ifdtanch predictor interference at the user core. It also increases
pact of instrumenting all OS entry points for the server arifie likelihood that an OS system call will find its data in
compute bound workloads. cache because a similar function was recently executed (not

The above arguments highlight that profile-based manu#cessarily by the invoking application). Second, the number
instrumentation is not only burdensome, it also significant§f coherence misses may increase because the OS system
limits the potential of the off-loading approach. The upcontall may have to access application data (that resides in the
ing sections show how hardware-based single-cycle decis@pplication core’s cache) and conversely, the application may
making can out-perform a couple of reasonable static instfiave to access data recently fetched by the OS syscall (that
mentation policies. resides in the OS core’s cache). These interactions are a strong

Migration Implementations. The latency and operationsfunction of system call length and frequency. Performance is
required for off-loading are significantly impacted by thé&lso impacted by the overheads for migration and because
migration implementation, which depends on both hardwa@é queuing delays at the OS core (since a single OS core
and software capabilities. There are other alternatives @guld handle requests from multiple application cores). Many
process migration, however, such as remote procedure calisthe above effects are not easily captured with performance
and message passing interfaces within the operating systéatnters, and even if they were, it may be difficult to construct
These alternate designs have the potential to lower inter-cof@dels that relate these parameters to an eventual decision
communication cost substantially and are an interesting desiggarding the benefits of off-loading the system call being
point though we do not consider them in this study. For songglrrently invoked. We therefore adopt a simplified but effective
research operating systems [7], [13], the notion of off-loadirgPproach that is based on the following two sub-components.
is not even valid, as sub-systems are already pinned to specifi¥ve adopt the simple strategy that a system call will be
processors within a CMP system. However, no mainstre&fi-loaded if it is expected to last longer than a specified
OS has chosen to implement such features yet and by far, theeshold, N cycles. The first sub-component employs a
majority of server applications are run on traditional Unixhardware predictor to estimate the length of a system call. At
based systems. In this study, we attempt to be agnostica@y point, we also need to determine best best value\for
the mechanism by which off-loading is performed and shokhis may vary depending on how closely the application and
results for a variety of possible off-loading overheads. OS interact and on whether coherence effects dominate over

While our study evaluates several design points for oféther cache interference effects. The second sub-component of
loading overheads, we focus most of our conclusions on tH proposed scheme determines Mevalue which provides
conservative and aggressive design points. The conservatiest performance by sampling various candidate values.
scheme is based on the thread migration time of approximately o
5,000 cycles for an unmodified Linux 2.6.18 kernel. Proposds Hardware Prediction of OS Syscall Length
exist that could improve this delay to below just below 3,000 We believe that system call run-length is the best indicator
cycles on our target machine [22]. Reliable thread migratiasf whether off-loading will be beneficial. This is simply
entails interrupting program control flow on the user processbecause the overhead of migration is amortized better if the

Ill. HARDWARE-BASED DECISION-MAKING
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executing in privileged mode, but interrupts have not been
Fig. 2. OS Run-Length Predictor With Configurable Threshold  disabled. In this case, it is possible for privileged mode
operation to be interrupted by one or more additional routines
system call is longer. The length of the syscall is often lsefore the original routine is completed. Our predictor does
function of the input arguments and processor architected stafet capture these events well because they are typically caused
We therefore propose a new hardware predictor of OS invodsy external devices which are not part of the processor state at
tion length that XOR hashes the values of various architectpekdiction time. These prediction inaccuracies are part of non-
registers. After evaluating many register combinations, thiterministic execution and can not be foreseen by software or
following registers were chosen for the SPARC architecturether run length prediction implementations. Fortunately, these
PSTATE (contains information about privilege state, maskeaterrupts typically extend the duration of OS invocations,
exceptions, FP enable, etc.), g0 and gl (global registeradnost never decreasing it. As a result, our mispredictions tend
and i0 and i1 (input argument registers). The XOR of these underestimate OS run-lengths, resulting in some OS off-
registers yields a 64-bit value (that we refer toA&tate) that loading possibly not occurring, based on a threshold decision.
encodes pertinent information about the type of OS invocation,While the hardware predictor provides a discrete prediction
input values, and the execution environment. Every time thege OS run-length, the off-load decision must distill this into
is a switch to privileged execution mode, the AState valug binary prediction indicating if the run length exceeds
is used to index into a predictor table that keeps track @fstructions and if core migration should occur. Figure 3 shows
the invocation length the last time such an AState index wése accuracy of binary predictions for various valuesvofFor
observed, as shown in Figure 2. example, if off-loading should occur only on OS invocation
Each entry in the table also maintains a prediction comin lengths greater than 500 instructions, then our predictor
fidence value, a 2-bit saturating counter that is incrementethkes the correct off-loading decision 94.8%, 93.4%, 96.8%,
on a prediction withint-5% of the actual, and decrementednd 99.6% of the time for Apache, SPECjbb2005, Derby and
otherwise. If the confidence value is 0, we find that it is morthe average of all compute benchmarks, respectively. While
reliable to make a “global” prediction,e., we simply take more space-efficient prediction algorithms possibly exist, we
the average run length of the last three observed invocatiawisserve little room for improvement in terms of predictor
(regardless of their AStates). This works well because veecuracy.
observe that OS invocation lengths tend to be clustered and a ) o
global prediction can be better than a low-confidence “local- Dynamic Estimation oV
prediction. For our workloads, we observed that a fully- The second component of a hardware assisted off-loading
associative predictor table with 200 entries yields close fmlicy is the estimation ofV that yields optimal behavior in
optimal (infinite history) performance and requires only 2 KBerms of say, performance or energy-delay product (EDP). This
storage space. The 200-entry table is organized as a CAddrtion of the mechanism occurs within the operating system
with the 64-bit AState value and prediction stored per entry. &t the software level so that it can utilize a variety of feedback
direct-mapped RAM structure with 1500 entries also provid@sformation gleaned from hardware performance counters.
similar accuracy and has a storage requirement of 3.3 KB. TiHgecution of this feedback occurs on a coarse granularity
table is tag-less and the least significant bits of the AState &y@wvever, typically every 25-100 million cycles. As a result,
used as the index. the overhead is minimal compared to software instrumentation
Averaged across all benchmarks, this simple predictor a6 system calls which can be invoked as often as every few
able to precisely predict the run length of 73.6% of athousand cycles in OS intensive applications.
privileged instruction invocations, and predict within5% For this estimation ofV, we rely on algorithms described
the actual run length an additional 24.8% of the time. Large past work to select an optimal hardware configuration [5].
prediction errors most often occur when the processor Iisthe hardware system must select one of a few possible
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TABLE I
SIMULATOR PARAMETERS.

CPU Parameters Memory System Parameters
ISA UltraSPARC Il ISA L1 I-cache 32 KB/2-way, 1-cycle
Core Frequency 3.5GHz @ 32nm L1 D-cache 32 KB/2-way, 1-cycle
ProcessoPipeline In-Order L2 Cache 1 MB/16-way, dual banked, 12-cycle
TLB 128 Entry Fully Associative || L1 and L2 Cache Line Sizg 64 Bytes
CoherenceProtocol Directory Based MESI Main Memory 350 Cycle Uniform Latency

thresholdsat run-time, it is easiest to sample behavior witllin bit fields) such as floating-point enable, execution mode
each of these configurations at the start of every program phésger or privilege), memory model, interrupt enable, etc. Our
and employ the optimal configuration until the next programroposed techniques use the execution mode bit in this register
phase change is detected. The mechanism is epoch-i&sedto determine which code sequences are executing within the
statistics are monitored evemgpoch (an interval of a fixed boundaries of the OS. Based on this definition, system calls
number of cycles). which occur in privileged mode but within the user address

For our implementation, where performance is our metrgpace are captured as part of our OS behavior in addition
of interest, we use the L2 cache hit rate of both the QB functionality that occurs within the kernel address space.
and user processors, averaged together, as our performaftwes, compared to prior work, we are considering a broader
feedback metric. Our initial sampling starts with an epoc$pectrum of OS behavior as a candidate for off-loading. Previ-
of 25 million instructions, and an off-loading threshold obus work examined only system calls, or a subset of them; we
N = 1,000 if the application is executing more than 10%show that optimal performance can be obtained by off-loading
of its instructions in privileged mode, otherwise the thresholdS sequences that are much shorter than intuition might
is set toN = 10, 000. We also sample values for two alternaténdicate. Therefore, a general-purpose solution for capturing
N, above and below the initiaV. If either of theseV results all OS execution is required.
in an average L2 hit-rate that is 1% better than our initial The SPARC ISA has several unique features which cause
N, we set this new value as our threshold. Having chosemany short duration (<25 instructions) OS invocations. These
an initial threshold value, we then allow the program to ruimvocations are exclusively due to the fill and spill operations
uninterrupted for 100 M instructions. We then again perforof the rotating register file the SPARC ISA implements when
a 25 M instruction sampling of two alternate values 8f the register file becomes overloaded. Other architectures, like
If our threshold appears to still be optimal we then doubbeB6, perform stack push and pop operations in user space.
the execution length (to 200 M) instructions before sampling/e analyzed our results both including and excluding these
again to help reduce sampling overhead. If at any point ouvocations for SPARC ISA, and have chosen to omit these
currentN is found to be non-optimal, the execution duratiomvocations from our graphs where they skew results substan-
is reduced back to 100 M instructions. tially from what would be seen on an alternative architecture.

Such a mechanism can work poorly if phase changes ard-or all our simulations, Table Il shows the baseline memory
frequent. If this is the case, the epoch length can be gradualystem parameters. Our timing parameters were obtained from
increased until stable behavior is observed over many epocB&CTI 6.0 [18] targeting a frequency of 3.5 GHz. A memory
Such a strategy was not invoked for most of our benchmagtency of 350 cycles is used in all experiments (based on real
programs as few phase changes were encountered for epanbshine timings from Brown and Tullsen [9]). In the case
larger than 100 million instructions. For our experiments, waf off-loading, we simulate two such cores with private L2s
use very coarse-grained values Af (as later reported in which are kept coherent via a directory based protocol and a
Figure 4). Increasing the resolution at whighcan vary will simple point-to-point interconnect fabric (while this is overkill
increase the performance of the system, but it comes at fbea 2-core system, we expect that the simulated model is part
expense of increased sampling overhead. of a larger multi-core system). Our system models directory
lookup, cache-to-cache transfers, and coherence invalidation
overheads independently. We parameterizentigration im-

To examine the design space of OS off-loading we uggementationso that we can examine the effects of varied
cycle accurate, execution driven simulation to model full Oftency implementations on the off-loading decision policy.
execution during workload execution. Our simulation infras- V. RESULTS
tructure is based on Simics 3.0 [16] and we model in-order _

UltraSPARC cores. By modeling in-order cores, we are abfe Impact of Design Parameters

to simulate large executions in a reasonable amount of timeWe next evaluate the off-loading performance achievable
thus capturing representative OS behavior. It also appears thith our predictor-directed decision making policy. On every
many OS-intensive server workloads are best handled by transition to privileged mode, the run-length predictor is

order cores with multi-threading [21] (for example, the Sulboked up and off-loading occurs if the run-length is predicted
Niagara and Rock designs and the recent Intel Atom desigtg. exceedN (we show results for various static values of

On the SPARC platform, the PSTATE register [1] hold$V). Figure 4 shows the IPC performance through off-loading,
the current state of the processor and contains informatimeiative to a baseline that executes the program on a single

IV. EXPERIMENTAL METHODOLOGY
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Fig. 4. Normalized IPC relative to uni-processor baseline when varying the off-loading overhead and the switch trigger threshold.

core. All results use our hardware based predictor and have jdata that is written, can generate substantial coherence traffic
a single cycle instrumentation cost. A different graph is shovisetween OS and User cores. As we move to low valuesvfor
for Apache, SPECjbb2005, Derby, and compute-intensive prmeherence traffic is also maximized because OS/User shared
grams. Each graph shows a static off-loading thresh@ld data is no longer in just a single cache.
on the X-axis and a different curve for various one-way off- For example, Figure 4 shows that even with a zero overhead
loading latencies. Evaluating multiple off-loading latencies isff-loading latency, moving fromN = 100 to N = 0
important because they are highly implementation dependenbstantially reduces performance. This is because the cost
and can range from 5,000 cycles in current operating systefadditional coherence invalidates and transfers overshadows
implementations, down to just a few hundred cycles in sonagy improvements in cache hit-rate. Because the relationship
recent research proposals [22]. Figure 4 helps identify 3 majogtween coherence and cache interference can vary from ap-
trends about OS off-loading. plication to application, it is not possible to globally determine
Off-loading latency is the dominant factor in realizing the pointN at which off-loading performance is maximized. A
performance gains.Performance is clearly maximized withdynamically adjusting system utilizing performance feedback
the lowest off-loading overhead possible. If the core migratida required.
implementation is not efficient, it is possible that off-loading Off-loading short OS sequences is requiredWe are
may never be beneficial (see SPECjbb). somewhat surprised to see that maximum performance occurs
For any given off-loading latency, choosing the appropri- when off-loading OS invocations as short as 100 instructions
ate switch trigger threshold N is critical. When finding the long. This indicates that though long duration invocations
optimal off-loading thresholdV, two factors come into play, dominate the total OS instruction count, short frequent in-
OS/User cache interference and cache coherence overheaslsations also have a large impact on cache interference
When the OS and user application execute on a single cdie, some benchmarks. This implies that any software-based
as has traditionally occurred, the working set of each is forceecision policy that relies on OS code instrumentation must
to compete for space in the cache. Off-loading has the potentiak only consider long-running system calls, but also short-
to improve performance because we are effectively removingnning ones. This supports our belief that all OS entry points
the accesses to OS working set from the cache. Thus, userst be instrumented for off-loading, and in turn, that low-
cache hit-rates are maximized &t = 0. cost instrumentation, such as the hardware predictor presented
The OS and application do not have completely independdrdre, is necessary for OS off-loading to be successful.
working sets — much of their memory footprint is shared. This ) . o
sharing occurs because the OS often performs operations sgct-0mparing Instrumentation and Hardware Prediction
as I/0 on behalf of the application and places the resultingHaving studied the behavior of the hardware predictor, we
data into the application address space. As a result, shanesv compare our eventual hardware-based scheme against
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1.40 . . . .
130 off-loading. It is worth noting that even an off-loading model

iig with two 512 KB L2 caches can out-perform the single-core

100 :?“Servat?"'; baseline with a 1 MB L2 cache if the off-loading latency is

. onservative - . .
0.90 conservative - UNAEr 1,000 cycles. Such a comparison only has academic
080 value however, as hardware designers are unlikely to cripple
o " Agressive 51 an existing processor design to enable off-loading

0.60 Aggressive - DI '

0.50 ive - . .

0.40 feeressie-Hl ¢, Scalability of Off-loading

0.30 . .
0.20 | Table 11l shows the percentage of benchmark execution time
0.10 that the OS core was active while running our server intensive
0.00

benchmarks with a 5,000 cycle off-loading overhead. At an
off-loading threshold ofV = 10,000 the OS core shows low
Fig. 5. Normalized throughput (relative to a single-core baseline) for of“tilizationv but atN = 1000 and N' = 100, the threshold
loading with static manual instrumentation and off-loading with the hardwawhere optimal performance is found for most benchmarks,
predictor. the utilization quickly increases. This high rate of utilization
indicates that, unfortunately, it is unlikely that multiple user-
existing technigues that have relied on manual software ieeres will be able to share a single OS core successfully.
strumentation. Figure 5 provides a concise view of what we TABLE I
consuder to be state Of the artin OS Oﬁ-load”:]g' We I:)reser"iDERCENTAGE OF TOTAL EXECUTION TIME SPENT ONDS-CORE USING
normalized throughput results for an off-loading latency of SELECTIVE MIGRATION BASED ON THRESHOLDN
5,000 cycles (Conservative), that is currently available, as

Performance Normalized to Baseline

Apache SPECjbb Derby

: P Core Migration Threshold N
well as 100 cycl_es (Aggress_lve) that has been proposed in Senchmark 100 1000 | 5000 | 10.000%
research. Static instrumentation (SI) models a low overhead Apache 45.75% | 37.06% | 17.83% | 17.68%
i H _li il i i SPEC]bb2005| 34.48% | 33.15% | 21.28% | 14.79%
software instrumentation that uses off-line profiling to identify ey T pphe

and statically instrument only those OS routines that are
deFerm!ned to have a .run-leng.th_that IS twice th.e off-loading To test this hypothesis we evaluated the scaling of a single
(migration) latency. Sl is very similar to the technique used bd

o . S core to two and four user cores using SPECjbb2005, under
Chakraborty et al. [10]. Dynamic instrumentation (DI) model%] off-loading threshold ofV' — 100 and an aggressive off-

a more gomplex software inst'rumenta.ti(')n of all possible qoading overhead of 1,000 cycles. As a non-SMT core, if the
g?tzf_ﬁgg:ﬁ angl ?S"O\Y;? rl;inn-]tillr:re tgiﬂ;'?gghi?%lg ltjhsz dvak\)I S core is handling an off-loading request when an additional
9 Y . d . ¥equest comes in, the new request must be stalled until the
Mogul et al. [17], but differs in that all OS entry points areP core becomes free. With just two user cores, there was
instrumented, as opposed to just those which are expec e% ; | : -
to have a lona average run lenath. DI is the function ah average queuing delay of 1,348 cycles in addition to the
. 9 9 ength. L7 194! 000 cycle off-loading overhead. With four user cores, the
equivalent of the hardware prediction engine proposed in trg\éerage queuing delay for the OS core exploded to over 25,000

Papet, but |m_plemente_d entirely in software. Fmally, hardwaEe cles as the OS core was inundated with off-loading requests.
instrumentation (HI) is the new hardware predictor bas

approach described in this work, hile L2 cache hit rates remained high in both scenarios,

: L : . I iting for th ff-
Figure 5 indicates that previous OS off-loading proposazur user cores were often stalled waiting for the OS o

ere leavin bstantial performance on the table b ading to occur. As a result, the 2:1 ratio of User to OS
w ving substantial p . Y Ypres saw only a 4.5% improvement in aggregate throughput,
not considering short OS sequences as candidates for Q

. P, . ) d performance was decreased substantially at the 4:1 ratio.
loading, and (ii) utilizing high overhead software mstrumerwe conclude that 1:1, or possibly 1:N, may be the appropriate

tation t(.) make off-loadmg decisions. At currently'achlevgplpatio of provisioning OS cores in a many-core system.
off-loading latencies, our hardware based off-loading decision V|. RELATED WORK

policy can yield as much as 18% throughput improvement
over a baseline without off-loading, and 13% improvemedt- Impact of OS on System Throughput
over previous software-based implementations. In the future There have been many studies on how operating system
with faster migration implementations, the importance of everhead affects the throughput of user applications (the
low overhead decision making policy will increase and owventual metric of interest). Gloy et al. [11], Anderson et
proposal can outperform software instrumentation by as muah [4], and Agarwal et al. [2] have shown that operating
as 20%. system execution generates memory references that negatively
In our experiments, the single-core baseline has a singtepact the performance of traditional memory hierarchies.
1 MB L2 cache, while the off-loading models have two 1 MBRedstone et al. [21] and Nellans et al. [19] have shown that
L2 caches. This is a faithful model of how off-loading ighere are important classes of applications, namely webservers,
expected to work in future multi-cores, and the additionalatabases, and display intensive applications for which the OS
cache space is a strong contributor to the high benefit frazan contribute more than half the total instructions executed.

19



Nellans et al. [19] and Li et al. [15] show OS executioMhe predictor has a storage overhead of only 2 KB and out-
under-performs user applications by 3-5x on modern out-gferforms the best instrumentation policy by 13%. For future
order processors and suggest that OS code can be run onesk, we plan to study the applicability of the predictor for
aggressively designed processors to improve energy efficien®g energy optimizations.
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