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ABSTRACT 
We have entered an era of chip multiprocessor (CMP) 
platforms, where performance is delivered with the 
integration of more and more cores on a die. Tera-scale 
CMP architectures, consisting of several tens of physical 
cores and hundreds of hardware threads, are highly 
suitable for throughput computing especially in the 
server market place. In this paper, we start by 
highlighting tera-scale potential in datacenter 
environments. We show how a multi-tier datacenter 
workload that required tens (to hundreds) of platforms 
in the past can potentially map on to one (or a few) 
single-socket tera-scale CMP platforms running Virtual 
Machines (VMs) and thereby creating Datacenter-on-
Chip (DoC) architectures.  

Having introduced tera-scale DoC architectures, we then 
describe key challenges involved in providing high 
degrees of performance, scalability, and adaptability. 
Performance and scalability challenges point to the need 
for efficient handling of cache/memory/IO requirements 
when a large number of cores are actively running many 
workloads. Adaptability challenges highlight the need 
for dynamically allocating cache, memory, and I/O 
resources amongst the simultaneously running VMs in 
order to enable Quality of Service (QoS). To address 
scalability and adaptability challenges, we then propose 
and evaluate important tera-scale architectural features: 
(a) hierarchy of shared caches and large DRAM caches 
for better cache/memory scalability and performance, 
and (b) cache/memory QoS techniques to form Virtual 
Platform Architectures (VPAs). Based on a detailed 

evaluation, we show that these architectural features are 
highly beneficial for DoC tera-scale architectures. 

INTRODUCTION 
We have entered the era of CMP platforms with Intel’s 
dual-core and quad-core processors [5, 8] flourishing in 
the mobile, desktop, and server marketplace. Within a 
decade, we expect to integrate more and more cores  
on-die and create tera-scale architectures consisting of 
several tens of physical cores and hundreds of hardware 
threads. Such tera-scale architectures are highly suitable 
for high-performance throughput computing especially 
in the server marketplace.  

A decade ago, datacenters employed tens to hundreds of 
dual-processor and quad-processor server platforms 
(each running a single application) on an Ethernet 
fabric. However, recent trends show that most 
datacenters have started employing virtualization [21, 
23, 31, 32] to consolidate multiple applications onto the 
same platform in order to improve efficiency, 
manageability, and overall cost [6]. With tera-scale 
architectures [7] comes the potential to accelerate the 
consolidation trend and potentially even enable small 
datacenters to run on a single (or a few) platforms, thus 
the term “Datacenter-on-Chip” (or DoC) architectures. 
In this paper, we use an e-commerce benchmark,  
TPC-W [29], to illustrate this by showing how an earlier 
configuration (with 60+ server platforms) can now 
potentially run on a single tera-scale DoC platform with 
32 cores and 128 threads (4 threads per core). 
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Figure 1: Datacenter-on-chip usage models: classification and examples

With tera-scale DoC architectures comes the challenge of 
designing a balanced platform with sufficient resources to 
sustain the large number of cores actively running VMs. 
In this paper, we evaluate the cache, memory, and I/O 
requirements as well as the behavior of the DoC 
architecture. We accomplish this by analyzing the TPC-W 
configuration as well as running detailed platform 
simulations that mimic multiple VMs running Online 
Transaction Processing (OLTP) workloads, Java* 
application server workloads, and even enterprise 
resource planning workloads simultaneously. To address 
the cache/memory scalability requirements, we show that 
(a) a hierarchy of shared caches is most suitable for DoC 
architectures since it maximizes performance and area 
efficiency when running virtualized server workloads and 
(b) integrating a large-capacity DRAM cache can 
significantly reduce the memory bandwidth requirements 
and thereby improve performance and scalability. 

Another critical challenge in DoC architectures is that the 
performance of each VM can be highly non-deterministic 
since it depends heavily on the other VMs running 
simultaneously. Since an abundant number of cores is 
provided in tera-scale DoC architectures, the source of 
this non-determinism comes from interference in shared 
platform resources such as cache and memory. Through 
detailed simulations of simultaneously running VMs, we 
quantify the impact of this interference and the lack of 
QoS provided to each individual workload. Since 
datacenters typically provide service-level agreements, it 
is important to incorporate QoS hooks in the platform 
resources such as cache and memory. In this paper, we 
describe potential platform QoS mechanisms and evaluate 
the effectiveness of these mechanisms in improving the 
performance isolation provided to each VM. 

DATACENTER-ON-CHIP USAGE 
MODELS AND TERA-SCALE 
ARCHITECTURES 
In this section, we start by describing four classes of DoC 
usage models and then focus on one of them to highlight 
the potential of tera-scale architecture and describe the 
key challenges. 

Datacenter-on-Chip Usage Models 
Virtualization techniques make it possible to consolidate 
multiple server applications onto a single system. This 
usage model has been gaining momentum in enterprise 
datacenters because it improves resource sharing and 
usage, improves manageability, and reduces cost. We 
expect this trend to continue growing significantly in the 
coming years especially with the integration of more and 
more cores on the die. DoC essentially refers to the 
potential of multiple datacenter applications running 
simultaneously on a single-chip server platform. DoC 
usage scenarios can be classified into four broad 
categories based on (a) the types of applications being 
consolidated and (b) the level of communication  
and cooperation between the applications. Figure 1 
illustrates the four DoC usage models that are explained 
further below. 

 Homogeneous/Non-Cooperating: In this type of 
consolidation, multiple server applications of the same 
type are consolidated onto a single platform. However, 
these applications are independent in nature and no 
significant communication is required between the 
applications. A good example is the consolidation of a 
farm of Web servers that are serving Web pages and 
are load balanced. For the most part, these different 
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Web servers run on their own without having to 
communicate with each other.  

 Heterogeneous/Non-cooperating: In this type of 
server consolidation, multiple different server 
applications are consolidated onto a single system. It is 
often the case in enterprise datacenters that servers are 
under utilized for a significant portion of the time when 
running a single application. The main motivation for 
this type of consolidation is to achieve maximum 
resource usage by consolidating multiple applications 
onto the same platform. In this type of consolidation, 
the applications being consolidated are still quite 
independent and do not need to communicate with  
each other. One example is that of consolidating an 
email server, file and print server, and user 
authentication server. 

 Homogeneous/Cooperating: This type of 
consolidation occurs when a clustered application (e.g., 
database cluster) is consolidated onto a single system. 
Clusters use some sort of message passing either on a 
regular network fabric like Ethernet or on a more 
specialized fabric to communicate with each other. This 
communication turns into inter-VM communication 
once consolidated onto the same platform. 

 Heterogeneous/Cooperating: This type of usage 
model occurs when multiple heterogeneous workloads 
that need to communicate with each other are 
consolidated. A good example of this type is where a 
multitiered application, like in TPC-W, is consolidated 
onto a single system. Here various tiers need to 
communicate with each other while servicing user 
requests. Hence inter-VM communication can be a 
significant factor, and handling this can be a challenge 
in virtualized environments, as we will see in the later 
part of this paper.   

Mapping to Tera-scale Architectures 
The DoC usage models described above can take 
advantage of more and more cores on-die since they have 
many applications (potentially multi-threaded) running 
simultaneously on a single platform. As a result, a  
tera-scale architecture with several tens of physical cores 
and hundreds of hardware threads integrated on the die is 
highly suitable for DoC usage. To illustrate the potential 
of tera-scale and highlight the challenges, we now focus 
on a case study of an e-commerce environment based on 
the TPC-W benchmark. 

TPC-W [29] is a benchmark representative of an 
e-Commerce datacenter environment defined by the 
Transaction Processing Performance Council (TPC). The 
performance metric reported by TPC-W is the number of 
Web interactions processed per second (WIPS). Multiple 
Web interactions are used to simulate the activity of a 
retail store, and each interaction is subject to a response 
time constraint. The TPC-W benchmark is now obsolete; 

however, the e-Commerce workload that it represents is 
very relevant and important. A typical TPC-W setup 
contains several different application components (as 
shown in Figure 2): 

• Web Servers process incoming HTTP requests and 
prepare responses to be sent to the clients. 

• Web Cache Servers cache static and dynamic 
content for fast access to data. 

• Image Servers serve static images that are part of the 
response Web pages. 

• Application Servers provide the e-Commerce 
functionality and are responsible for processing 
customer orders and payments for goods, among 
other things. 

• Database Servers hold inventory of product, 
description, availability, pricing and other 
information.  

• Load Balancer and other Infrastructure Servers 
distribute processing load among different Web and 
image servers equally by directing incoming HTTP 
requests to the server with the least load. 
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Figure 2: Mapping datacenter workloads to tera-scale 
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Table 1: Compute/cache/memory capacity data from TPC-W setup (example based on TPC-W publication [30]) 
Server Type Oses Num servers Total Procs Frequency (GHz) Memory (MB) Total Cache (KCPU Util
Web server Win 2K Server 26 52 1.26 19968 26624 80%
Web server/Other software Win 2K Server 1 2 1.26 768 1024 80%
Image server Win 2K Server 20 40 1.26 10240 20480
Image server/Load Balancer Win 2K Server 1 2 1.26 512 1024
Database server MS .NET EE 1 8 1.6 8192 8192 45%
Web cache Win 2K Server 9 18 1.26 4608 9216 70%
Web cache Win 2K Server 3 6 1.26 2304 3072 70%
Web cache Volera 2 2 1.26 4096 1024 55%
Total 63 130 50688 70656

Figure 2 shows how these different components are 
interconnected in a typical TPC-W setup of the past. 
TPC-W is a perfect example of understanding the 
requirements and behavior of consolidating multiple tiers 
(heterogeneous/cooperating) of a datacenter on a  
tera-scale CMP platform (bottom of Figure 2). Table 2 
summarizes the number of systems, compute cores, cache 
and memory in an example configuration roughly based 
on a high-performing 2002 TPC-W publication [30]. As 
shown in the figure as well as the table, there are  
63 systems employed in the example TPC-W 
configuration. Except for the database server, which 
employed four processors, all other systems consisted of 
two processors (without multi-threading). As a result, the 
total number of processors in the configuration was about 
130. In a tera-scale CMP platform, we expect that a single 
processor socket could contain 32 cores each with 4 
threads (SMT). As a result, the entire TPC-W example 
configuration can be potentially consolidated onto such a 
32-core, 128-thread single-socket platform.  

However, it is also critical that we take into account the 
amount of platform resources that are needed to support 
the execution of simultaneously running VMs of this 
nature. For example, Table 2 shows that the total cache 
capacity available in the TPC-W configuration adds up to 
70MB in size. Given the area constraints and the fact that 
32 cores will be integrated onto the die, our previous 
work [36] has shown that the amount of cache space 
available is likely to be less than 32MB. As a result, 
architectural techniques that enhance cache/memory 
scalability and performance need to be incorporated into 
the platform. We discuss these further in the next section. 

Another key challenge in running heterogeneous VMs of 
this nature on the same platform is that they will contend 
for platform resources and interfere with each other. 
Given that these VMs are likely to get very different 
utility benefits from platform resources, and that the VMs 
are likely to be different in importance to the overall 
performance of the datacenter, it is important that we 
incorporate adaptability techniques in the platform so that 
resource usage can be dynamically controlled to provide 
performance isolation or QoS for DoC platforms. In the 
following section, we describe adaptability challenges and 
solutions to address these in tera-scale architectures. 

Last but not least, it is also important to consider the 
overheads of virtualization on the DoC performance. In 
addition to the basic overhead of handling system calls, 
context switches, and interrupts for VMs, one primary 
concern in virtualized platforms is the overhead of I/O 
virtualization. For example, Figure 3 shows the overheads 
of virtualization for (a) transmitting network data to 
external platforms, (b) receiving network data from 
external platforms, and (c) inter-VM communication 
between VMs. The data shown in Figure 3 are based on 
measurements done on a recent Intel® Xeon® dual-core 
processor (3GHz) dual-socket platform [8] running the 
Xen hypervisor [3, 33]. The measurements show that (a) 
receiving network data at 1Gbps and processing requires 
75% of CPU utilization under virtualization, (b) 
transmitting 1Gbps externally requires about 50% of CPU 
processing, and (c) communicating 1Gbps between VMs 
on the same platform requires about 70% of CPU 
utilization. Further, it should be noted that these compute 
cores are large out-of-order cores without multiple 
threads sharing the pipeline. As we design tera-scale 
processors, the use of smaller in-order cores with multiple 
threads sharing the pipeline may increase the associated 
processing overhead. However, since most of the cores in 
the example TPC-W configuration were underutilized 
(last column in Table 1), there is likely some headroom 
available to accommodate this extra I/O processing 
overhead. Extensions to techniques (such as Intel’s I/O 
Acceleration Technology [14, 22]) are needed to 
minimize this overhead for a virtualized DoC 
environment. However, this is not covered in this paper. 
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SCALABILITY CHALLENGES AND 
SOLUTIONS 
As described in the previous section, the tera-scale 
architecture offers a high compute density (large number 
of cores and threads) that is attractive for DoC usage 
models. However, in order to provide high performance 
and scalability, it is important to carefully design a 
balanced platform with sufficient resources (cache, 
memory, I/O, etc.). In this section, we present the DoC 
scalability considerations and discuss potential solutions 
that address the key challenges. 

The first challenge is that of providing sufficient cache 
space in order to reduce memory stalls and minimize 
memory bandwidth bottlenecks. Previous work [36] has 
shown that die area and cost will significantly restrict the 
amount of cache space that can be provided in tera-scale 
processors. In DoC usage models, the fact that several 
multi-threaded server applications will run simultaneously 
poses two potential considerations for cache hierarchy 
design: (a) since the threads within each server 
application tend to share code as well as data, cache space 
efficiency can be improved if these threads are allowed to 
share cache space, (b) since the cache space usage of each 
of the server applications can be quite different at 
different times in the execution, better utilization can be 
achieved if the cache space is shared. To take advantage 
of both of these sharing properties, we propose and 
evaluate a hierarchy of shared caches for tera-scale  
DoC platforms.  

Figure 4 illustrates a three-level hierarchy of shared 
caches in a tera-scale platform. The hierarchy of  
shared caches starts an L1 (16K to 64K) that is private to 
the core but shared between the multiple threads within 
the core. The L2 (256K to 1M, mid-level) cache is also 
shared by multiple cores within a “node.” The node forms 
the basic building block for the architecture. The L3 (8 to 
32M, last-level) cache is logically shared by all of the 
nodes in the socket. However, since the L3 cache is quite 
large, it is physically distributed around the die in smaller 
“slices.” A scalable interconnect connects all the L3 cache 
slices and the nodes. The benefits of sharing at each level 
is best explained with an example. Figure 5 compares the 
cache performance of private and shared L2 caches for an 
OLTP workload (based on the TPC-C [28]). As shown in 
the figure, a shared cache organization (e.g., 512K shared 
by four cores) is equivalent in cache performance to a 
private cache organization (four cores each with a 256K 
private L2 cache). This essentially shows a potential of 
2X space efficiency with a shared cache organization. 
Similar benefits were found for other server workloads as 
well as for other levels of the hierarchy. 

Having defined a cache hierarchy, the next major 
challenge is that of providing sufficient memory 

bandwidth to sustain the misses from the last-level cache. 
Figure 6 shows the cache scaling behavior of a 
consolidated server workload running on a last-level 
cache. These data were obtained from trace-driven 
simulations of four (8-threaded) workloads based on 
TPC-C [28], SPECjbb2005 [26], SPECjappserver2004 
[25], and SAP SD/2T [24] running simultaneously on 32 
single-threaded cores. The data show that consolidation 
workloads have good cache scaling behavior from 4MB 
all the way to 128MB of cache shared between the  
32 cores. 

 
Figure 4: Tera-scale DoC hierarchy of shared caches 
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Figure 5: Tera-scale shared L2 cache benefits 
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Figure 6: Tera-scale DoC L3 cache scaling behavior 
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To understand the memory bandwidth requirements of 
tera-scale DoC platforms, let us now consider the 
simulation configuration with 8MB L3 cache and  
32 cores. In this configuration, we estimated that the 
bandwidth requirements can be as high as 20GB/s. Given 
that tera-scale processors may contain as many as  
128 threads, the overall bandwidth requirements can be 
100GB/s or higher. This in turn requires that a 
proportional number of memory channels be supported on 
the socket. Alternate solutions to solving the memory 
bandwidth bottleneck for tera-scale platforms could be 
the use of large capacity L4 caches. As shown in  
Figure 7, large capacity L4 caches can be implemented 
either as an additional package on the package (in a  
multi-chip package) or stacked (using 3D stacking 
technologies [1]). To understand the potential of large 
capacity L4 DRAM caches that can provide as much as 
twice the bandwidth at as little as one-third of the 
memory latency, we conducted simulations of a 32-core, 
8MB L3 cache configuration with and without a 32MB or 
64MB L4 cache. We found that significant performance 
benefits (from 10 to 40%) can be achieved depending on 
the organization of the DRAM cache, the exact 
bandwidth capability, and the latency benefits as 
compared to main memory latency. However, the key 
benefit is that of providing sufficient headroom in 
external memory so that the number of channels that is 
implemented can be reduced without affecting the 
performance. 

 

Figure 7: Tera-scale DoC L3 cache scaling behavior 

Having addressed the cache/memory scalability 
challenges for tera-scale DoC architectures (using a 
hierarchy of shared caches and large L4 caches), we next 
turn our attention to adaptability concerns and solutions. 

ADAPTABILITY CHALLENGES AND 
SOLUTIONS 
Flexible and dynamic management of platform resources 
is important in DoC tera-scale architectures since multiple 
VMs will be running simultaneously. Traditionally, the 
execution environment (a virtual machine monitor 
(VMM) or hypervisor in DoC) attempts to control the 
visible resources (number of cores and memory capacity 
for instance). However, this alone will not suffice for 
CMP platforms where more cores might be available to 
run the virtualized applications simultaneously, but they 
end up contending for other (invisible) shared resources 

that have first-order performance impact [2, 4, 10, 16, 18, 
34]. Key among these invisible resources are cache space 
and memory bandwidth. In addition to cache and 
memory, other resources that are shared include 
interconnects, micro-architectural resources in the core 
(shared between hardware threads), and power.   

While sharing resources is generally the most efficient 
approach to maximize resource utilization, having no 
control over management of these resources can lead to 
loss of determinism, lack of performance isolation, and an 
overall lack of the notion of QoS provided to an 
individual application running on the platform. This has a 
very direct impact on the datacenter consolidation 
environments where more and more heterogeneous 
workloads are consolidated into a single platform 
contending for the shared hardware resources. Another 
important aspect to consider when managing shared 
resources is the relative importance of each of the 
consolidated applications. Not all applications 
consolidated may be of equal importance. The difference 
in priority could be based purely on the service level 
agreement provided to the customer or could be based on 
the relative throughput requirements of each of the 
consolidated applications. It could also be decided by the 
VMM layer based on the workload behavior (cache 
friendly, IOVM, etc.).   
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We start by studying the extent to which contention for 
shared cache space affects an individual OLTP 
application when running with one or more other 
consolidated applications. We performed a trace-driven 
simulation [9] of a 32-core processor with 8MB of  
last-level cache running (a) an 8-threaded OLTP 
application (based on TPC-C) running alone, (b) OLTP 
consolidated with an 8-threaded J2EE application server 
workload (based on SPECjappserver2004), (c) OLTP 
running consolidated with an 8-threaded ERP application 
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8-threaded Java workload (based on SPECjbb2005), and 
(e) OLTP consolidated with all of the three above 
applications. Figure 8 shows the impact of consolidation 
on OLTP cache occupancy as well as OLTP miss rate. As 
the occupancy is reduced from 100% when running alone 
to as low as 20% when running with all other workloads, 
the miss rate goes up significantly (by as much as 3X). It 
should be noted that even though the compute resources 
available to the OLTP application remain the same when 
running alone and running in consolidated mode, the 
performance will be significantly affected due to the 
increase in miss rate. 

QoS and Virtual Platform Architectures 
Managing the allocation of shared resources in the 
platform is key to addressing the contention effects shown 
above and to providing performance differentiation, 
performance isolation, and the overall notion of QoS. 
Today, Intel and other processor manufacturers, support 
hardware virtualization features. While these features 
support functionally isolated VMs, they do not offer the 
ability to provide performance isolation. Our goal is to 
define mechanisms that allow VMs to transform into 
Virtual Platform Architectures (VPAs). A VPA is defined 
as a collection of virtual resources (i.e., some fraction of 
each of the physical shared resources) that a VM is 
provided. In this section we introduce our Platform QoS 
research that enables QoS-aware platforms and VPAs.   
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HW
Policies
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Figure 9: Platform QoS approach 

Platform QoS 
For DoC tera-scale architectures, there are three key 
questions that the Platform QoS research attempts to 
answer: (a) how much of each shared resource is an 
application or VM using (b) how can the resource 
allocation be modified to improve individual QoS or 
overall performance, and (c) what are the most 
appropriate interfaces and mechanisms needed between 
hardware and software to achieve QoS and VPAs? 

The Platform QoS approach attempts to address these 
questions by enabling three major components:  
(a) monitoring, (b) enforcement, and (c) exposure. Figure 
9 shows the components and their relationship in terms of 
information flow. The monitoring and enforcement 
components are implemented in hardware, whereas the 

QoS policies and exposure can either be guided by 
software or by hardware. The monitoring component 
keeps track of shared resource usage on a per-application 
or per-VM basis. The resource monitoring ability allows 
the platform to pass back information to the execution 
environment (VMM or hypervisor in DoC) to determine 
the VPA that each VM ends up with in a platform. In 
addition, providing this information back to the software 
domain allows the VMM to optimize scheduling 
decisions or pass down hints for resource enforcement. 
The monitoring ability may also be useful to the system 
administrator to determine (a) whether a VM should be 
migrated to a different platform (if it is getting too few 
resources consistently), (b) what QoS hints should be 
passed down to the platform to modify resource 
allocation, or (c) what the end-customer should be 
charged based on resource usage. Alternatively, the 
administrator may be able to set up a QoS policy that 
performs one or more of the above dynamically, based on 
monitoring data.  

The resource enforcement component implements shared 
resource partitioning based on software guidance. This 
requires an architectural interface to be exposed to the 
execution environment that allows the specification of 
resource allocation requirements on a per-VM basis. 
While we expect QoS policies to be determined primarily 
by software, it is also important to allow a path for future 
platform optimizations that dynamically manage 
resources entirely in hardware. The resource enforcement 
component enables the VMM to create VPAs with a  
user-specified amount of resources. To achieve a scalable 
low-cost QoS solution, we propose resource partitioning 
and QoS exposure on a class of service basis instead of a 
per-VM basis. This is sufficient since it is unlikely that all 
of the VMs running on the platform need performance 
isolation simultaneously. Instead, one or more VMs can 
be mapped to a single class of service as specified by the 
VMM, and a smaller number of classes of service can be 
supported by the platform. In this paper, we use the terms 
“priority class,” “priority level” and “class of service” 
interchangeably. 

To help clearly describe the Platform QoS approach and 
mechanisms required, we now present a case study using 
the shared cache as the platform resource.  

QoS Case Study Using Shared Caches 
Since contention to shared cache (e.g., last-level) is a key 
issue, we now describe the implementation considerations 
for shared cache monitoring, enforcement, and exposure 
(highlighted in Figure 10).  

In the case of cache monitoring, the goal is to keep track 
of cache space consumed on a per-application or per-VM 
basis. In order to do so, the VMM needs to pass down a 
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unique identity (ID) to the platform for each running VM. 
This can be easily done by writing the ID to a new 
register, a Platform QoS Register (PQR), that is part of 
the processor architectural state. Since the ID is finite, it 
should be noted that the ID might have to be recycled 
amongst VMs (when the number of VMs is larger than 
the number of IDs). Once the ID is passed down, each 
load/store generated by the CPU is tagged with the ID so 
that it is passed down to the last-level cache. In the  
last-level cache, each cache line is tagged with the ID, 
and a global cache occupancy counter is also maintained 
per ID. When a line is evicted from the core, the 
appropriate cache occupancy counter is decremented. 
When a new line is allocated into the cache, the 
appropriate cache occupancy counter is incremented. The 
implementation can be optimized for area by employing 
set sampling techniques [37] if so desired. 
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Figure 10: Cache QoS architecture and techniques 

For cache enforcement, we are investigating the use of 
several forms of capacity partitioning. One potential 
approach attempts to limit the number of cache lines in 
the entire cache used by a certain class of service. Since 
the class of service is also associated with each cache line, 
this enforcement is accomplished by modifying the cache 
replacement policy to pick the next victim from a class 
that is currently exceeding its assigned cache quota.  

For cache QoS exposure, we introduce the PQR. The 
PQR allows software to specify (a) the VM ID, (b) the 
class of service (also referred to as priority level or 
priority class) that this VM should be mapped to, and  
(c) an optional resource allocation target for that class of 
service. As described above, the VM ID is used by the 
platform to monitor cache occupancy per application. The 
class of service is used to guide the QoS-aware 
replacement decision.  

To study the potential benefits of cache QoS enforcement 
we extended our trace-based cache simulations to 
implement cache enforcement. We conducted 
performance simulations of various consolidation 
scenarios where we limited the amount of cache space 
available to the low priority VM, but allowed  
high-priority VMs to allocate anywhere in the cache. In 
our example, we chose the OLTP application as the  
high-priority VM (with access to 100% of shared cache) 
and the three other consolidated applications as the  
low-priority VMs (limited to X% of the cache space). 
Figure 11 shows the OLTP miss rate as a function of X% 
(on the x-axis). As expected, reducing X from 100% to 
12.5% improves the cache performance of the  
high-priority OLTP application significantly. It may be 
noted that this will negatively impact the performance of 
the low priority VMs, but that is expected as an outcome 
of performance differentiation and QoS.  

Impact of QoS on Cache Performance
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Figure 11: Case study of cache QoS benefits 

In the previous sections, we focused on the cache-sharing 
impact and cache QoS implementations. However, the 
implications are similar for other shared platform 
resources. For example, memory bandwidth is another 
resource that has a direct impact on application 
performance. Memory QoS [11] can be achieved by 
implementing priority queues in the controller or enabling 
rate control of the request stream. Once all shared 
resources are enabled with QoS support, we could 
provide differentiated service to the individual VMs 
running on top of these resources. This combined with 
hardware-supported virtualization provides a complete 
VPA where functional and performance isolation is 
provided to VMs in a DoC architecture. 

CONCLUSION 
In this paper, we introduced DoC architectures and 
showed the potential of tera-scale platforms for DoC 
environments. The opportunity for more and more 
applications currently running on dedicated platforms to 
run on a tera-scale platform is tremendous, but it also 
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introduces some significant scalability and adaptability 
challenges that we need to address.  

In this paper, we presented the scalability challenges for 
DoC in tera-scale platforms and described two important 
potential architectural features: (a) hierarchy of shared 
caches and (b) large-capacity L4 caches. We showed that 
enabling sharing at each level of the hierarchy can 
significantly maximize the space efficiency (e.g., sharing 
the mid-level L2 cache between multiple cores within a 
node provided a 2X better area efficiency as compared to 
private L2 caches). In addition, we also showed that 
large-capacity L4 caches (enabled either by 3D-stacking 
or a multi-chip package) can mitigate the memory 
bandwidth challenges for tera-scale platforms. 

Last, but not least, we presented the adaptability 
challenges for DoC tera-scale environments. DoC 
environments suffer from the lack of performance 
isolation and performance differentiation since multiple 
simultaneously running VMs are contending for critical 
shared platform resources. We described our Platform 
QoS research that is investigating QoS techniques for 
resource monitoring and enforcement to enable 
performance isolation and differentiation. We showed 
how these QoS techniques allow us to transform VMs 
into VPAs. The end goal is to provide better QoS in  
tera-scale platforms for DoC environments. 

Future work in this area is as follows. Research work 
along the lines of scalable cache/memory hierarchies [12, 
27, 35, 19] and adaptable QoS techniques [4, 10, 11, 13, 
15, 16, 17, 18, 20, 37] is a great start, but more and more 
emphasis on DoC usage models will be needed in  
the future.  
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