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ABSTRACT

Multicore architectures provide an alternative to increasing
clock frequencies to improve performance of modern pro-
cessors. The best design for these chip multiprocessors, in-
cluding structure sizes or whether to use homogeneous or
heterogeneous cores, remains open for exploration. One po-
tential design path involves using heterogeneous cores that
are specialized for a given task. This paper examines the
design of a core specifically for the execution of virtual ma-
chines. While virtual machines create opportunities for run-
time code modification for tasks such as optimization, in-
strumentation, and security, they lead to overhead at run
time. Using cycle-accurate simulation, we characterize a vir-
tual machine in terms of functional unit usage, cache usage,
and branch behavior. We also discuss additional structures
and instructions necessary for supporting a virtual machine.
By moving the execution of the virtual machine to a separate
core and parallelizing its execution with that of the applica-
tion, we hope to mitigate some of the overhead of execution;
a smaller, specialized core can also provide savings in power
consumption and die size and complexity.

1. INTRODUCTION

Modern processors are rapidly reaching the limits of per-
formance that can be obtained by simply increasing clock
frequency. Physical concerns such as wire delay and in-
consistencies in the fabrication process, as well as power
consumption and heat dissipation, decrease the effective-
ness of simply increasing transistor count. Additionally, an
upper bound on performance exists due to limits on the
instruction-level parallelism (ILP) of a single thread.

Newer processor designs have taken this ILP limit into ac-
count by creating opportunities to take advantage of thread-
level parallelism (TLP), including simultaneous multithread-
ing [22] and chip multiprocessors (CMPs) [19]. CMPs may
lead to greater performance improvements, as fewer struc-
tures are shared and thus the complexity for managing shared
structures is reduced. Further, heterogeneous CMPs [14]
provide the opportunity to mix processors of varying power,
or tailor cores specifically to a class of applications [13], to
improve performance or meet constraints. However, the
problem remains of ensuring enough threads to keep all
available cores busy.

At the same time, virtual machines (VMs) have become
increasingly common. VMs are used for such applications as
dynamic optimization [3], instrumentation [16], security [10],
and binary translation between instruction sets [8]. VMs can
also be used to virtualize the hardware to run multiple op-

erating systems in parallel [21, 5]. These systems provide
opportunities at run time not available at compile time, at
the cost of execution overhead.

In this paper, we explore the differences in run time behav-
ior between VMs and many applications for which general-
purpose processors are designed. This observation motivates
optimizing a core of a heterogeneous CMP for execution of
a VM. By doing so, we are able to provide a use for extra
cores of a CMP, as well as mitigate some of the overhead of
executing under control of a VM. We characterize the be-
havior of a VM to aid design decisions at a structural level.
Further, we discuss other design issues related to additional
structures necessary for synchronizing execution of a VM
and application on separate cores.

The rest of the paper is organized as follows. Section 2 dis-
cusses background of heterogeneous CMPs and VMs. Sec-
tion 3 characterizes a VM’s performance in terms of func-
tional unit usage, branch behavior, and cache behavior. Sec-
tion 4 discusses additional structures for the VM core. Sec-
tion 5 discusses related work, and section 6 concludes and
presents future directions.

2. BACKGROUND

Heterogeneous CMPs. Heterogeneous CMPs consist
of multiple processors with characteristics varying from pro-
cessor to processor, ranging from higher-level details such
as instruction set to microarchitectural details such as clock
frequency, issue width, and cache size. This heterogeneity
can be a part of the core’s design or a result of the fabrica-
tion process. Performance asymmetry can lead to decreased
performance if both the operating system and application
are unaware of the heterogeneity [4]. However, work by Ku-
mar et al. has suggested the potential for power savings
and weighted speedup by intelligently scheduling processes
on a heterogeneous CMP [11, 15]. Further work showed that
heterogeneous CMP design targeting different cores to spe-
cific application classes can increase performance over that
obtained by combining general-purpose cores [13].

Virtual machines. Virtual machines can be grouped
into two main categories, system VMs and process VMs.
System VMs provide virtualization of the hardware and ex-
ecute an operating system and all of its processes. They may
either reside between the hardware and operating system, as
in Xen [5] or the Transmeta Code Morphing Software [8], or
act as an application on another operating system, as with
VMWeare [21]. In order to provide certain guarantees of iso-
lation and correctness when virtualizing hardware, many of
these systems have to emulate instructions; to reduce over-



head, they may use some of the same binary optimization
techniques discussed below.

Process VMs are generally designed to execute a single
program per instantiation of the VM. They allow more fine-
grained selection of what is executed under a VM’s control
and what the VM does with a given program. For exam-
ple, given a VM used to enforce a security policy, a user
may opt to sacrifice performance of one application to use
a heavyweight security policy, while running a more trusted
application under a VM with a subset of the security policy.
Beyond security [10], process VMs exist for tasks such as
dynamic optimization [3] and instrumentation [16].

Although the work presented in this paper focuses primar-
ily on process VMs, it is not unreasonable to believe that
similar design choices could be made for system VMs. In-
tel [9] and AMD [1] have both recently introduced support
at the instruction level for system VMs.

Pin. In this paper, we perform our VM characterization
using Pin [16], a dynamic instrumentation system developed
by Intel. While the full details of execution are beyond the
scope of this paper, we offer a short overview. Although
other VMs vary in some design details, we believe Pin to be
a good indicator of other VMs’ performance.

Once Pin has gained control of an application, it uses a
just-in-time compiler (JIT) to recompile code into traces, or
superblocks, speculatively generated by following code until
reaching a predefined stopping condition. These traces are
stored in a code cache that allows further execution of the
same code without requiring recompilation. If the target of a
branch ending a trace is in the code cache, they are linked to
allow execution without Pin’s intervention; otherwise con-
trol must return to Pin to compile the next trace. This
change of control, called a context switch, involves overhead
from saving and restoring the application state in addition
to that of performing the compilation.

On many applications, the overhead of context switches
and compilation can be amortized, at least in part, over the
execution of the program if they execute primarily from the
code cache. However, short programs or programs with little
code reuse are unable to hide the overhead of a VM.

Previous literature has shown average slowdowns on SPEC-
INT 2000 benchmarks ranging from 1.25X in DynamoRIO [6]
to 43X on some tools based on Valgrind [18]. Reducing this
overhead is a motivating factor the work presented here.

3. VM CHARACTERIZATION

To characterize the performance of a VM, we must exe-
cute an application under its control. However, we must be
able to separate the execution of the VM from that of the
guest application. To this end, we used an eight instruction
assembly program so that the guest application’s execution
is negligible. We have observed a correlation between the
native performance of applications and the performance of
those same applications under control of a VM after startup
costs; thus, while our experiments do not repeatedly exer-
cise code compilation and context switches, we feel they are
still a good representation of normal performance.

To vary architectural parameters for our characterization,
we used an x86 version of SimpleScalar [2], augmented with
functionality required to simulate Pin. Table 1 shows our
baseline architectural configuration.

Functional unit usage. We first considered the use
of floating point hardware by a VM. By executing several

Parameter Value

Processor width 8

Fetch queue size 16

Branch predictor Combined predictor with 16K-entry
meta-table, 2-lev predictor with 16K
entry L1, 16K entry L2, 14-bit history
XORed with address

BTB size 512 sets, 4-way

RAS size 8

RUU size 128

L1 caches 64K, 4-way, 32B blocks

Unified L2 cache
Functional units

512K, 4-way, 64B blocks
6 int ALU, 2 int mult, 4 FP ALU, 2 FP
mult

Table 1: Baseline simulation parameters

benchmarks from SPECINT 2000 both natively and under
Pin and counting the uses of each functional unit, we discov-
ered Pin only executes one floating point add. This suggests
that a VM core could be built without floating point hard-
ware. For integer units, no change in IPC was observed by
decreasing the number of integer multiply units from two to
one; this suggests multiply instructions are sufficiently sep-
arated to avoid structural hazards. As shown in Figure 1,
decreasing the number of adders from 6 to 4 led to only a
slight decrease in IPC, while the drop from 4 to 2 was more
substantial; a VM core could probably use only 4 adders if
necessary to meet constraints.

Branch behavior. We considered the effects of decreas-
ing the complexity of branch predictors on performance of
Pin as compared to several SPECINT 2000 benchmarks. In
addition to the baseline configuration, we considered one
with 8K-entry tables, and one using only the bimodal pre-
dictor with a 16K-entry table. Compared to the baseline,
the VM shows virtually no decrease in IPC with the half
sized predictor, and only a few percent decrease with the
bimodal-only predictor; some of the benchmarks were much
more sensitive to the change. This suggests that a VM core,
unlike a general purpose core, would suffer little performance
penalty with a less complex branch predictor.

Cache behavior. For the L1 caches, we compared the
change in cache miss rate as we decreased the complexity
from 64K 4-way associative caches to 32K 4-way, 32K 2-way,
16K 2-way, and 16K direct-mapped caches. Figures 2 and 3
show this data. The instruction cache miss rate increased by
only half a percent, and the data cache miss rate increased
by less than a percent; the final miss rates were less than 1%
and 7% respectively. We then changed the L2 cache from
512K 4-way to 256K 4-way and 128K 4-way. The baseline L2
configuration has nearly a 50% miss rate, and the decrease
from 256K to 128K causes roughly a 15% increase in miss
rate. This suggests that the VM is relatively insensitive to
L1 cache size but very sensitive to the L2 cache size.

4. CUSTOMIZED VM CORE DESIGN

Beyond the microarchitectural design decisions above, de-
signing a VM core requires additional considerations. Here
we present ideas for the floor plan as well as instruction set
extensions and additional structures for communication.

Floor plan. We have considered two general classes of
configuration for a heterogeneous CMP including a VM core.
One option includes a single VM core to be shared by all
other general-purpose and specialized cores. This layout
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lends itself easily to system VMs, since there is generally
only one instance of such a VM. Alternately, each general
purpose core may have a VM-specific core attached to it.
Such a design may be more appropriate for process VMs,
allowing each application to have its own VM and execution
core. This also presents the opportunity to use conjoined
core designs [12] to allow the VM cores access to floating
point hardware as necessary.

Other considerations exist with respect to having one or
many VM cores. Running multiple process VMs on a single
core may simplify communication if they are working collab-
oratively. On the other hand, multiple VMs on a single core
may lead to resource contention; contention in the L2 cache
may be particularly detrimental to performance. A more
complete study of these options and the trade-offs involved
is an avenue of future work.

Additional hardware structures. In addition to com-
munication channels between collaborating VMs, the VM
must be able to synchronize and communicate with the core
running its guest application. For instance, when a VM
begins compiling a trace, it must receive state information
from the application; conversely, when compilation is done,
the VM must be able to restart the application at the appro-
priate location. This suggests adding registers for communi-
cation, along with modifying the VM to dynamically inject
instructions into the guest application to set these registers
as appropriate. Recall that the recompiled code runs from
a code cache; additional hardware to map addresses from
the code cache to original addresses may further decrease
overhead involved in handling branches. Further study of
additional structures is an avenue of future work.

5. RELATED WORK

Previous work using hardware to benefit VMs include
the ADORE [7] and Trident [23] systems. ADORE used
hardware performance counters already available on Itanium
processors. Trident added additional structures to support
event-driven optimization; however, neither system consid-
ered core design for a VM. Transmeta’s Code Morphing Soft-
ware [8] was loaded into ROM on the chip, but no details
are publicly available regarding whether the core was spe-
cialized for the VM. Intel VT [9] and AMD SVM [1] provide
support “classical virtualization” a la Xen [5], but again are
just extensions to existing hardware.

Several projects have designed hardware specifically for
executing Java, such as JOP [20] and picoJava [17]. These
projects simply provided hardware that executed the Java
bytecode ISA, rather than specializing hardware for the JVM.
We believe the design presented in our work is applicable to
running a JVM as well as other VMs and thus is more gen-
eral than those solutions.

6. CONCLUSIONSAND FUTURE WORK

The desire to keep cores of a CMP busy and to reduce
the overhead of VMs can be combined by optimizing a core
for execution of a VM. The work presented in this paper
characterizes Pin, one such VM, in terms of functional unit
usage, branch behavior, and cache behavior. We have shown
that a VM core is unlikely to need floating point hardware
and should need only one integer multiply unit. The VM
is relatively insensitive to L1 cache sizes; in contrast, it is
highly sensitive to the L2 cache size. We have also discussed



related issues including floor plan options and additional
structures necessary for synchronizing a VM and application
on separate cores.

We intend to follow up on this study by performing simi-
lar experiments on other VMs, which we expect to confirm
our generalizations from Pin. Additionally, we will further
explore the hardware layout options and extensions we have
proposed. Finally, we would like to look at new opportuni-
ties for performance enhancement created by using a special-
ized VM core. We believe optimizations taking advantage
of both a VM and extra hardware of a CMP will provide
unique opportunities to continue to improve performance.
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