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Emerging multi-core processors present new challenges to oper-
ating systems in terms of shared resource allocation and control. In
particular, a shared on-chip cache can result in sub-optimal perfor-
mance if simultaneously executing processes compete for capacity
or incur conflicts. Without additional hardware support, the control
technique available to the operating system in order to effect cache
partitioning is page coloring. Page coloring is a classic technique that
can be used for software-based manipulation of cache utilization. It
has been used to reduce cache misses [5, 4, 1, 2, 6], improve on-chip
network traffic [3], and most recently, to demonstrate the viability of
cache partitioning in multi-core processors [7]. We build on this prior
work to develop a practical and automated page coloring technique
for fair and performance-effective multi-core cache partitioning.

We demonstrate the benefits of cache partitioning via page color-
ing on our Linux-based Xeon Dual-Core platform. Figure 1 compares
the performance of the hardware-default L2 cache sharing with that of
each application running stand-alone, in addition to usingpage color-
ing to partition the cache according to the knee of its miss ratio curve.
As shown, page coloring can improve performance by as much as
23% on average.
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Figure 1. Performance comparison between cache sharing and partition

However, in order for the approach to be practical, several im-
plementation issues arise. The first issue is that of constraining the
allocated memory space. Imposing page color restrictions on an ap-
plication means only a portion of the memory can be allocatedto this
application. When the OS runs out of pages of a certain color,the
application can either evict some of its own pages to secondary stor-
age or steal pages from other page colors. The former can result in
dramatic slowdown due to page swapping while the latter may yield
negative effects on other applications’ performance (e.g. cache pollu-
tion).

Another challenge is the high overhead of online recoloring. For
example, different pairs of applications on a multi-core platform
may need different cache partition allocations. At one timequantum,
application A is running together with B and has its working pages
all in color b at this time; later it might need to recolor its working
pages to colorc to suit a new partner C. Table 1 shows a typical
set of CPU-intensive applications and their working set size at time
quantum granularity (100 milliseconds on Linux by default). Without

Benchmark Working Set Size Percentage of full
per time quantum memory footprint

gzip 1.8K pages 4%
wupwise 13.7K pages 31%
swim 27.2K pages 57%
mgrid 11.2K pages 81%
applu 19.4K pages 43%
mesa 1.9K pages 81%

Table 1. Working set size at time quantum granularity.

extra hardware support, recoloring a page means memory copying
and takes several microseconds on existing commodity platforms.
Recoloring1K+ pages each time quantum is not affordable.

To solve these problems, we propose hot-page based page color-
ing, which only recolors those most frequently accessed pages. Our
experiments on several SPECcpu2000 applications listed above sug-
gest that more than80% of memory references access only20% of
the address space.

There is a subtle issue about physically contiguous page alloca-
tions. If someone grabs all pages of a certain color out of N colors,
then N physically contiguous pages in memory will not be available.
In such cases and if such contiguous page allocation is necessary,
the OS may need to evoke a page reclamation algorithm to coalesce
contiguous pages. However, in our Linux page-allocation trace, con-
tiguous page allocation is not frequent (less than 3%). In particular,
we observe very few DMA page requests except during OS booting.
This is probably due to pooling of DMA pages in a way similar tothe
slab allocator. On the other hand, we observe physically-contiguous
page allocations for new task structures in 64-bit Linux butthey are at
a 2-page granularity only. Modern OS memory management schemes
(e.g., the buddy list allocator in Linux) are commonly optimized for
physically contiguous page allocations, which is inappropriate when
most memory allocations are under page coloring. Our preliminary
experiments show that by simply keeping a large portion of mem-
ory on low order buddy lists, we achieve a4.4-fold reduction in page
allocation overhead.

We anticipate that once the individual mechanisms are tied to-
gether, software-based cache partitioning will achieve improved per-
formance even in dynamic environments where the workload isnot
known a-priori.
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