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Abstract

This paper builds on the observation that some currently
available NUMA multicore machines are asymmetric. In-
deed, some processors have a higher connectivity degree to
their peers than others. We show that this asymmetry impacts
the access latencies to remote memory nodes and, more sur-
prisingly, to local memory nodes as well. According to this
characterization, processors are classified into two groups:
slow processors, which have high memory latencies, and fast
processors, which have lower latencies.

We show that existing schedulers, such as the Linux one,
do not take this parameter into account and lead to subop-
timal application placement. In order to mitigate this issue,
we propose the MAPI metric (number of main memory ac-
cesses per retired instruction), which estimates the perfor-
mance impact of the asymmetric topology on applications.
Then, we evaluate the practical relevance of this indicator on
the PARSEC 2 benchmark suite. Finally, we propose a new
memory topology aware scheduler, OAAS, which leverages
the MAPI metric and the physical page migration facili-
ties of NUMA-aware OS kernels. On a 16-core NUMA ma-
chine, we show that OAAS performs within 3% of the best
empirically-determined setting on various workloads taken
from the PARSEC 2 benchmark suite.

1. Introduction

Multicore machines with Non-Uniform Memory Accesses
(NUMA) are becoming commodity platforms. Efficiently
exploiting their resources remains an open research problem.
Most of the body of existing work focuses on increasing lo-
cality between computations and memory or I/O resources.
This is achieved by allocating data items preferably in local
memory nodes [1, 18], by moving computations close to I/O
devices [22] or by moving already allocated memory pages
close to the applications which use them most [11, 16].
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In these works, researchers always assume that all pro-
cessors have equal memory performance. Even recent works
regarding task scheduling on machines with heterogeneous
cores make this assumption [24, 25]. In this paper, we high-
light that this assumption is not always valid. More precisely,
we study a NUMA machine that exhibits an irregular con-
nectivity between processors. Some processors are directly
connected to all other processors and access memory nodes
with a low latency. Other processors have a lower degree of
connectivity and need more hops to access some memory
nodes and access memory with a higher latency. This setup
is not unique. For instance, Baumann et al. [4] describe a
32-core NUMA machine in which some processors require
at most 3 hops to access remote memory while others re-
quire at most 2 hops. Using microbenchmarks, we show that
such characteristics can induce a noticeable asymmetry in
memory performance. While current operating systems are
not aware of such performance characteristics, we show that
the completion time of applications taken from the PARSEC
2 benchmark suite can vary by up to 15% depending on the
processor they are scheduled on. We argue that OS sched-
ulers should take this asymmetry into account in order to
make efficient decisions.

In this paper, we make the following contributions. First,
we propose a methodology to quantify the impact of the in-
terconnect topology on local and remote memory accesses
latencies. Not surprisingly, we show that processors that are
not directly interconnected to all other processors have a
higher latency to distant memory nodes than processors in-
terconnected to all other processors (up to 32% on our 16-
core test machine). More surprisingly, we show that these
processors also have a higher latency when accessing their
local memory (up to 36%). This comes from the fact that
the cache coherency protocol requires a higher number of
messages when these processors perform memory accesses.
Second, we propose a metric, MAPI (number of main Mem-



ory Accesses Per retired Instruction), to predict the impact
of processor interconnect asymmetry on the performance of
applications. We empirically evaluate the relevance of this
metric on applications taken from the PARSEC 2 benchmark
suite. We show that this metric helps estimating the per-
formance gap between running an application on a “well-
interconnected” processor and on a “weakly-interconnected”
one. Third, we show that the Linux scheduler is not aware of
such performance gaps. We evaluate its performance on var-
ious workloads taken from the PARSEC 2 benchmark suite
and conclude that the performance obtained with the Linux
scheduler can be up to 39% worse than the best possible
scheduling decision. Lastly, we show that the MAPI metric
can help the scheduler making efficient decisions. We build
an online scheduler that dynamically assigns applications
to processors depending on their MAPI metric. We show
that this scheduler performs within 3% of the best possible
scheduling decision.

The rest of the paper is organized as follows. Section 2
characterizes the impact of the processor interconnect topol-
ogy on memory latencies. Section 3 quantifies the impact of
the interconnect asymmetry on the performance of the PAR-
SEC 2 benchmark suite. Section 4 evaluates the performance
of multiple scheduling policies on several PARSEC 2 work-
loads. Section 5 presents a new scheduler which leverages
the interconnection topology to optimize scheduling deci-
sions. Finally Section 6 presents the related work and Sec-
tion 7 concludes the paper.

2. Hardware characterization

In this section, we first present the architecture of the hard-
ware we are using. In our architecture, processors are not
fully interconnected, i.e. some processors do not have direct
connections to all other processors. More precisely, some
processors require at most one hop to access memory, while
others need up to two hops. We then show, using a micro-
benchmark, that this asymmetric processor interconnection
highly impacts the latency of memory accesses. Processors
that are not directly connected to all other processors have a
significantly higher latency to both local and distant memory
nodes.

2.1 Hardware architecture

Our experiments are performed on a Dell PowerEdge R905
machine. The overall architecture of the system is summa-
rized in Figure 1'. This machine has four AMD Opteron
8380 processors, each hosting 4 cores, leading to a total
of sixteen cores. Each core is clocked at 2.5 GHz, has pri-
vate L1 and L2 caches (of 64 and 512 KB, respectively) and
shares a 6 MB L3 cache with the three other cores of the
same processor. The machine has 32 GB of DDR2 RAM
at 667 MHz, organized in four NUMA memory nodes (one

I Note that, for the sake of readability, MCT, crossbar and caches are only
represented on one processor, but are present in all processors.

node per socket, 8 GB per node). Using a microbenchmark,
we measured a peak throughput of 61 Gb/s between a mem-
ory controller and a local memory bank. Processors com-
municate (for I/O, memory and cache coherence probes and
responses) using HyperTransport (HT) 1.0 links, with a mea-
sured peak throughput of 24 Gb/s. All processors have three
HyperTransport links. Processors 1 and 2 use these three
links to connect to all other processors. Processors 0 and 3
use two of these three links to connect to processors 1 and
2, and the remaining link to connect to I/O controllers. Con-
sequently, as illustrated on Figure 1, there is no direct con-
nection between processors 0 and 3. Messages between these
two processors are routed either by processor 1 or by proces-
sor 2 (through the processor’s crossbar). Local and distant
memory accesses are performed by the memory controllers
(MCT). MCTs are also responsible for triggering the cache
coherence protocol.
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Figure 1. Interconnections between processors on the Dell
PowerEdge R905 test machine.

A consequence of this HT link topology is that proces-
sors 1 and 2 need a single hop to access the memory of other
processors, whereas processors 0 and 3 need between one
and two hops, depending on which processor they access
the memory of. This has two consequences. First, all proces-
sors do not have equal performance when accessing a distant
memory node. Second, the cache coherency protocol has a
different cost depending on which processor is performing
memory accesses. Indeed, when a memory controller trig-
gers the cache coherency protocol (CCP), it has to probe all
the other processors to make sure that none of them has a
modified version of the data in its cache?. As illustrated in
Figure 2, when triggered by processors 1 and 2, the CCP
probes all other processors in a single hop. In contrast, the
CCP requires between one and two hops to probe other pro-
cessors when triggered by processors 0 and 3.

2 More precisely, the CCP is triggered in the two following cases: (i) when a
read or write access is performed and there is no valid copy of the data item
in the local processor caches, and also (ii) when a write access is performed
on a shared cache line [2].
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Figure 2. Cache coherency protocol messages when triggered by a read access from (a) processor 0 or (b) processor 1. For
the sake of clarity, acknowledgments required by the HyperTransport protocol are not depicted in this figure. (Note that a very

similar sequence of steps occurs in the case of a write access).

2.2 Impact of asymmetric connectivity on memory
latencies

Using microbenchmarks [9], we evaluate the impact of the
asymmetric connectivity on the latency of read memory ac-
cesses. We study two different cases: local and distant ac-
cesses. For local memory accesses, the benchmarked core
reads memory words that are located in its local memory
node and not already present in its cache. Regarding dis-
tant memory accesses, the benchmarked core reads memory
words located in the farthest memory node: one hop away
for processors 1 and 2 and two hops away for processors 0
and 3.

Requesting | Local memory | Farthest memory
processor read latency read latency
0 256 377
1 193 287
2 194 290
3 263 376

Table 1. Memory read latency (in clock cycles) depending
on the memory node hosting the data item and the requesting
processor.

We run each experiment 10 times and observed a very
low deviation (below 1%). Averaged results are presented
Table 1. We can make two observations. First, reads per-
formed on the farthest memory node have a higher latency
on processors 0 and 3 than on processors 1 and 2 (+32%).
In addition, we observe that even local read latencies have
a higher latency on processors 0 and 3 than on processors
1 and 2 (+36%). This is a result of the extra hop needed by
the cache coherency protocol when triggered by processors
0 and 3. Finally, let us note that we observed similar phe-
nomenons for write accesses.

In the remainder of this paper, processors 0 and 3 will
be named slow processors, while processors 1 and 2 will
be referred to as fast processors. We will also refer to the
processor interconnect asymmetry as memory asymmetry.

3. Impact of memory asymmetry on
application performance

In the previous section, we have shown that the memory
asymmetry impacts the latency of both distant and local
memory accesses. In this section, using a microbenchmark,
we first show that, depending on the frequency of their mem-
ory accesses, applications are heterogeneously impacted by
the memory asymmetry. We then present a metric that can
be used to quantify the impact of memory asymmetry on the
performance of applications. Finally, we show that this met-
ric can accurately estimate the impact of memory asymmetry
on the performance of real applications from the PARSEC 2
benchmark suite.

3.1 Quantifying the performance difference between
fast and slow processors

In this section, we evaluate the impact of memory access
frequency on the memory access throughput difference be-
tween fast and slow processors. For this purpose, we create
a microbenchmark that initially performs CPU-intensive cal-
culations (i.e. multiplication and modulo operations on reg-
isters). Then, we run this microbenchmark multiple times,
increasingly interleaving memory read operations between
calculations. These read operations are performed on a 64
MB array. Besides, this array does not fit into the proces-
sor caches. The next memory address to read is given by the
result of the previous read operation. The array is initially
filled with random memory addresses thus ensuring that the
compiler does not optimize memory reads. These settings
ensure that a large majority of read operations reach the main



memory. For each core, the accessed array is private and al-
located in the local memory node. For each run, we mea-
sure the aggregate throughput (i.e. the number of memory
read operations done per second) that can be achieved by
all cores on a fast processor and compare it to the aggregate
memory read throughput that can be achieved by all cores
on a slow processor. Measurements are performed ten times
with a very low observed variation (less than 1%).

Figure 3 presents the throughput improvement of fast pro-
cessors over slow processors depending on the frequency of
memory accesses. More precisely, we express this frequency
as the the number of memory accesses performed per retired
instruction (MAPI)>. These results show that there is a cor-
relation between the MAPI indicator of an application and
the performance gap between processors. When the number
of memory accesses per instruction grows, the performance
difference between processors increases as well. Initially,
when the benchmark is doing only computationally intensive
work, fast and slow processors have a similar memory read
throughput. In contrast, as the number of memory accesses
per instruction becomes higher, the performance difference
between fast and slow processors grows and stabilizes near
31% for a MAPI of 0.35 and beyond.
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Figure 3. Throughput improvement of fast processors over
slow processors depending on the number of memory ac-
cesses per instruction, in the case of the read microbench-
mark.

As a summary, the MAPI metric is a good candidate to
estimate the performance gap of an application between pro-
cessors. Indeed, CPU-intensive applications, or applications
that work mainly on an in-cache dataset, have a low MAPI
and are less likely to be impacted by the topology of mem-

3 The number of memory accesses performed by an application as well as
the number of instructions retired are obtained using performance counters
available on recent processors. More precisely, we use the CPU to DRAM
counter, which gives the number of memory accesses performed by a pro-
cessor to a given memory node, and the RETIRED INSTRUCTIONS counter,
which gives the number of instructions effectively issued [2].

ory links than memory intensive applications, which have a
higher MAPIL.

3.2 Evaluating the impact of memory asymmetry on
real applications

To evaluate the relevance of the previous results, we measure
the MAPI indicator of the PARSEC 2 benchmark suite [5].
This suite is composed of representative parallel applications
from diverse domains such as media processing, data mining
and animation. We configured all datasets and inputs for ap-
plications to complete their work in 10 seconds when sched-
uled on a fast processor. All datasets fit in a memory node
and are prefetched during a preliminary run in order to avoid
disk accesses. We configure each application to use four
threads (one thread per core on a given processor). These
choices allow us to precisely isolate the impact of a given
processor category (fast/slow) on application performance.

For each application, we evaluate its performance on a
fast processor and on a slow processor. The performance
metric that we consider is the application completion time.
Such a metric has already been used in similar works
(e.g. [14, 28]). We profile all the applications to get their
average number of memory accesses per retired instruction
(MAPI). Experiments are run ten times and we observe a
negligible variation between runs (less than 1%).

Figure 4 presents the performance improvement of fast
processors over slow ones for each application. In addition,
it also displays the performance improvements obtained in
the case of the microbenchmark described in section 3.1.
Note that, for the sake of clarity, we use a smaller scale
(for both axes) than in Figure 3. We can make several ob-
servations. First, out of the 13 applications of the PARSEC
2 benchmark suite, 4 are highly sensitive to memory asym-
metry. Streamcluster, canneal, ferret and facesim
perform between 5% and 14% faster when they are executed
on a fast processors rather than on a slow processor. The
other 9 applications are not significantly sensitive to the pro-
cessor placement. Second, the higher the ratio of memory
accesses per instruction, the higher the performance gap be-
tween a fast and a slow processor. Third, the observed values
are close to the estimations made previously in Section 3.1
using the microbenchmark. Overall, these results confirm the
relevance of the MAPI metric for realistic use cases.

4. Evaluating scheduling policies

In the previous section, we have presented a metric that can
be used to classify applications and to estimate their sen-
sitivity to memory asymmetry. However, current operating
systems ignore the impact of memory asymmetry. When
scheduling multiple applications at the same time, current
schedulers are thus unlikely to make good placement deci-
sions. In this section, we first consider the case of a single
application. In a second part, we consider the more general
problem of application co-scheduling: we look for the best
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Figure 4. Performance difference between fast and slow
processors on PARSEC 2 applications as compared to the
previous results obtained with the microbenchmark.

placement of several workloads consisting of a mix of ap-
plications taken from the PARSEC 2 benchmark suite. In all
cases, we compare the obtained performance to that of the
default Linux scheduler.

We make two simplifying assumptions regarding schedul-
ing. First, we do not take into account time multiplexing
strategies and we only consider space multiplexing strate-
gies. This choice helps focusing on the asymmetry issue.
Moreover, one may argue that, in future manycore sys-
tems, space multiplexing will have an increasingly domi-
nant weight over time multiplexing [10]. Second, we con-
sider that an application has at most as many threads as the
number of cores on a processor (i.e., a maximum of four
threads in our setup). In this way, the concerns related to the
affinities between threads [26] may be left aside by assign-
ing one processor to a given application. We check that it is
the best scheduling decision in Section 4.1. Consequently,
on our 16-core (quad-processor) test machine, we consider
co-scheduling groups of four applications with four threads
in each.

4.1 Single-application scheduling policies

The purpose of this section is to evaluate whether it is better
to assign a processor to a given application or to distribute its
threads among processors. In this purpose, for each applica-
tion, we evaluate three different strategies to assign threads
to cores. The first strategy (S1) assigns all threads to a fast
processor (i.e. one thread per core of the processor). This
strategy may give the best results if the application is sen-
sitive to the memory asymmetry. The second strategy (S2)
assigns all threads to a slow processor. If the application is
insensitive to the memory asymmetry, this strategy may give
similar results to the first strategy. The third strategy (S3) as-
signs one thread to a core of each processor. This strategy
may yield poor results if the application threads share data,
because they cannot benefit from a shared L3 cache. Note

that we observe that the Linux scheduler usually falls down
to the third strategy.

Table 2 presents, for each application, the performance
gap between the first strategy and the two others. We can
make several observations. First, S1 almost always yields
better performance than S2 and S3 and, in the worst case, is
never inferior to them. Second, none of the 13 applications
benefits from being distributed across processors. As previ-
ously explained, the reason is both the impact of the memory
asymmetry and the lack of a shared cache between proces-
sors. Distinguishing the relative impact of these two reasons
is difficult since an increase in cache misses implies an in-
crease in main memory accesses and thus a higher impact of
memory latencies. To evaluate the impact of the shared L3
on application performance, we measured the L3 miss rate of
each application with S1 and S3. For example, in the case of
streamcluster, the L3 miss rate grows from 12% with S1
(i.e. when the application is running on a single processor) to
47% with S3 (i.e. when it is running on all processors). We
conclude that streamcluster highly benefits from the shared
cache between cores. As a summary, under our assumptions,
it is always more efficient to schedule an application on a
single processor (either fast or slow).

Application | S1over S2 | S1 over S3
Canneal +15% +8%
Streamcluster +14% +39%
Ferret +10% +11%
Facesim +5% +5%
Dedup +4% +6%
x264 +3% +5%
Fluidanimate +2% +0%
Swaptions +1% +4%
Blackscholes +1% +2%
Raytrace +1% +2%
Vips +1% +2%
Bodytrack +0% +5%
Freqmine +0% +0%

Table 2. Performance comparison (higher is better) of the
three placement strategies on each of the PARSEC 2 applica-
tions: S1 (all threads on a fast processor), S2 (all threads on
a slow processor) and S3 (one thread per processor).

4.2 Application co-scheduling policies

We now consider the case of multiple applications jointly
running on the same machine. Because of the very high
number of co-scheduling possibilities of PARSEC 2 appli-
cations, we choose to only benchmark five representative
groups of four applications. We name these groups PG-X,
where X represents the number of asymmetry sensitive ap-
plications in the group. The applications chosen in each
PG-X group are presented in Table 3. Bold font is used to
emphasize asymmetry sensitive applications. For example,



Table 3. Groups of applications used for evaluating
scheduling policies. Each application in the group is num-
bered.

PG-2 is composed of two asymmetry sensitive applications
(streamcluster and canneal) and two applications that
are not sensitive to memory asymmetry (bodytrack and
blackscholes). This group of applications is the most rel-
evant case for informed scheduling decisions since it is pos-
sible to assign sensitive applications to fast processors and
insensitive applications to slow processors.

Given our previously described assumptions, there are six
co-scheduling possibilities within a group, which are pre-
sented in Table 4. We chose the completion time of an ap-
plication as the main performance metric. This metric has
already been used by others [14, 28] and is relevant in the
context of the PARSEC 2 benchmark suite since all applica-
tions work on a predefined input (none awaits inputs from
the user or the network). We evaluate the performance of
these co-scheduling possibilities (also referred to as map-
pings) as well as the performance achieved by the Linux
scheduler. Lastly, we measure the performance achieved by
a random policy. This policy consists in randomly choosing
the processor assignment of an application. Consequently,
each application has the same probability to be set on a fast
or on a slow processor. The random policy is used to measure
the average performance of an application when no proces-
sor is preferred. Experiments are run ten times. All static
scheduling policies presented in Table 4 have a very low
standard deviation (less than 1%). In contrast, and not sur-
prisingly, the random policy exhibits a higher standard devi-
ation (6%). The Linux scheduler also yields a high standard
deviation (10%), mostly due to the aggressiveness of its load
balancing mechanism. This variance has also been reported
by others in a similar context [28]. For each scheduling pol-
icy and each application, we compare the obtained perfor-
mance to the performance of this application when run on a
fast processor®.

Results of groups PG-1 to PG-4 are presented in Fig-
ure 5. For each of these groups of applications, we present
the results obtained with the best, the worst and a random

4 This strategy is the best one for each application, as shown in Table 2.

Group Applications Name Appl App2 App3 App4
PG-0 (1) bodytrack, (2) blackscholes, (3) swaptions mapping | mapping | mapping | mapping
(4)vips MO fast fast slow slow
PG-1 (1) bodytrack, (2) blackscholes, (3) swaptions Ml fast slow fast slow
(4) canneal M2 fast slow slow fast
PG-2 (1) bodytrack, (2) blackscholes M3 slow fast fast slow
(3) streamcluster, (4) canneal M4 slow fast slow fast
PG-3 (1) bodytrack M5 slow slow fast fast
(2) ferret, (3) streamcluster, (4) canneal - - - -
(1) facesim, (2) ferret Table 4. Possible co-scheduling strategies when running
PG-4 (3) streamcluster, (4) canneal four applications on a quad-socket architecture with two fast

and two slow processors.

scheduling policy as well as the results measured with the
Linux scheduler. Experiments named OAAS and OAAS-
noPM are discussed in Section 5. The PG-0 group is not
presented in this figure because the measurements simply
confirm that it is insensitive to the chosen scheduling policy.
This was an expected result since this group is only com-
posed of applications that are not sensitive to memory per-
formance.

We can make several observations. First, the impact
of asymmetry on application performance in the case of
co-scheduling is, overall, close to the impact observed
for standalone execution (Section 3.2). Second, the best
scheduling policy always consists in assigning the most
asymmetry sensitive applications to fast processors. Such
a scheduling policy can significantly improve the perfor-
mance of asymmetry sensitive applications. For example, on
the PG-1 applications group, three policies (M2, M4 and
MS5) achieve the highest performance because they place
canneal, the only memory sensitive application, on a fast
processor. On the PG-2 application group, only one schedul-
ing policy is able to choose the best assignment (MS).
Other policies lead to a performance degradation on either
canneal (by up to —12%) or streamcluster (by up to
—10%) or both of them. On PG-3 and PG-4, there is no
ideal scheduling policy that does not degrade the perfor-
mance of any application. In this case, the best solution
is to limit the performance degration of streamcluster
and canneal. Indeed, these applications are far more im-
pacted by memory asymmetry than facesim and ferret.
Third, the Linux scheduler always performs poorly with the
streamcluster, canneal, ferret and facesim appli-
cations. As explained in Section 4.1, the Linux scheduler as-
signs the threads of an application to different processors.
Thus, besides ignoring the interconnection topology, Linux
also disregards the potential impact of a shared cache be-
tween threads. As discussed in Section 4.1, precisely quan-
tifying the impact of each of these characteristics on per-
formance is difficult. Lastly, the random algorithm also per-
forms poorly for sensitive applications.



45

— Worst ——
5] Best ——=
540 Random =
o Linux ===
o OAAS-noPM =
5 35 OAAS mmm
8
= 30
c
2
825
©
& 20
o
[
S 15
E
L 10
[
Q.
B 5
B3
0 =1 -
Bodytrack  Blackscholes Swaptions Canneal
App1 App2 App3 App4
PG-1
45
— Worst ——
o} Best ——=
5401 Random ——=
o Linux ==
o OAAS-noPM = —|
5 35 OAAS mmm
8
= 30
c —
2
= 25
I
& 20
©
@
S 15
E
L 10
Q
Q.
G 5
R*

L

o

Bodytrack Ferret Streamcluster ~ Canneal
App1 App2 App3 App4
PG-3

45

OAAS-noPM =
35 OAAS mmm

30

25

20

a——1l Rl -

Bodytrack  Blackscholes Streamcluster  Canneal

% of performance degradation (lower is better)

App1 App2 App3 App4
PG-2
45
Worst ——
Best ——=
40 Random =
Linux ==

(]
(5]
T

(]
o

n
(&)}

n
o

-
(%))

—
o

[$)]

% of performance degradation (lower is better)

I"I-( | ]

o

Facesim Ferret Streamcluster ~ Canneal
App1 App2 App3 App4
PG-4

Figure 5. Performance comparison of different scheduling strategies on various groups of applications (lower is better). For
each application, its performance is compared to the performance of this application when run on a fast processor.

5. The OAAS scheduler

As discussed in the previous section, the best scheduling
strategy is to assign asymmetry sensitive applications to fast
processors. In this section, we build an Online Asymmetry
Aware Scheduler (OAAS) which leverages the MAPI metric
to make scheduling decisions. We show that this scheduler
is able to obtain performance within 3% of the best co-
scheduling policy determined in the previous section.

5.1 Principles

The OAAS scheduler tries to schedule applications that are
the most impacted by memory asymmetry on fast proces-
sors while keeping other applications on slow processors.
Application sensitivity to memory asymmetry is given by
the MAPI metric. We have shown in Sections 3.2 and 4 that
this metric allows classifying applications. Thus, the sched-
uler periodically obtains the MAPI indicator for each appli-
cation and sorts applications based on this metric. Applica-
tions with the highest MAPI indicator are assigned to fast

processors while the other applications are assigned to slow
Pprocessors.

The scheduler tries to make sure that all migrations costs
will be amortized over time. Indeed, migrating an appli-
cation implies that the application cannot benefit anymore
from previously cached data and all memory pages allocated
from a local node will be seen as distant pages after the
migration. However, thanks to the results obtained in Sec-
tion 3.1, the scheduler is able to estimate the performance
gain of a migration. Lets P4 be the performance gap of an
application A between a fast and a slow processor. If the
scheduler decides to swap the location of two applications, A
running on a fast processor and B running on a slow proces-
sor, then the expected performance difference on the whole
system is :

Paigr = Pp — Py

Using this performance gain indicator, the scheduler is able
to determine whether a process migration will be amortized
or not. Interestingly, this optimization also prevents two ap-



plications with approximately the same memory behavior
from swapping processors too often. Indeed, in such a case,
both applications will roughly have the same MAPI. As a
consequence, Pg; sy will be close to zero and no migration
will be triggered.

The scheduling approach described thus far moves a com-
putation from one processor to another but not the processed
data. This behavior may not be a significant problem if the
application manipulates short-lived data items (i.e. if it fre-
quently allocates and frees memory regions), because most
data will quickly be allocated on the new memory node of
the application. In contrast, if the application heavily manip-
ulates long-lived data, moving this application may produce
too many remote memory accesses that will decrease the
performance of the application (because even on slow pro-
cessors, local accesses are always faster than distant mem-
ory accesses). To circumvent this issue, the OAAS scheduler
migrates applications with their memory pages. Note that the
Linux scheduler does not perform memory migration, pre-
sumably because it moves processes frequently and cannot
ensure that memory migration costs can be amortized.

5.2 Implementation

The OAAS scheduler is implemented in user-level on top
of the Linux 2.6.35 kernel. OAAS makes use of the Linux
performance counter interface to getthe required in-
formation about the number of executed instructions as well
as the number of memory accesses performed. Every 300
milliseconds, OAAS checks the MAPI of all applications’
threads. Then, applications are sorted using these values.
The scheduler only migrates applications if the expected
benefit exceeds a predefined threshold (5%). This value has
been determined experimentally, as it provides the best re-
sults on various workloads taken from the PARSEC 2 bench-
mark suite. The expected Py is evaluated using the MAPI
indicators of the two applications. The scheduler interpo-
lates the performance gaps measured on the microbench-
mark presented in Section 3.1 and illustrated in Figure 3
to create a function of MAPI to performance gap. In the
current implementation, this function is automatically gen-
erated by running the microbenchmark at system startup. If
the scheduler decides to move an application to another pro-
cessor, the effective relocation operation is performed with
the sched_setaffinity () system call. All threads owned
by the application are moved to the newly affected pro-
cessor. The migration of memory pages is done using the
numa_migrate_pages() system call. As mentioned ear-
lier, the scheduler prevents applications from moving be-
tween processors of the same category (fast or slow) because
this kind of migration only introduces extra overhead.

5.3 Evaluation

We evaluate the OAAS scheduler with and without page mi-
gration on the five groups of applications presented in Ta-
ble 3. The goal of this evaluation is twofold. First, it allows

comparing the OAAS scheduler to a static processor assign-
ment, to a random processor assignment and to the default
Linux scheduler. Second, it allows evaluating the impact of
page migration on the performance of applications.

Each experiment is run ten times. For these experiments,
applications are initially placed randomly on processors,
then the OAAS scheduler periodically applies mapping de-
cisions, as explained in Section 5.1. Results of the OAAS
scheduler are presented in Figure 5. OAAS-noPM corre-
sponds to the OAAS scheduler without page migration.

Based on these results, we can make several observations.
First, the OAAS scheduler achieves very good performance.
On the most favorable groups of application (PG-0, PG-1
and PG-2), OAAS has nearly the same performance as the
best static assignment. This result shows that OAAS is able
to efficiently classify applications based on their MAPI in-
dicator. It also shows that OAAS has a very low overhead.
On the PG-3 and PG-4 groups of applications, the perfor-
mance results of OAAS are slightly bellow those of the best
static assignment by up to -3% and -5% respectively. This
is explained by the cost of process migrations. In PG-3 and
PG-4, when the scheduler decides to swap two applications,
it moves huge memory datasets (e.g. swapping ferret and
canneal represents a migration of 133 kpages of 4 kB each).
In contrast, memory datasets are much smaller on PG-0,
PG-1 and PG-2 groups (e.g. swapping blackscholes and
canneal represents a migration of 78 kpages). As a conse-
quence, OAAS performs better on these workloads.

Second, we can see on Figure 5 that the page migration
mechanism is crucial for the efficiency of OAAS. Appli-
cations always allocate data in their currently local mem-
ory node. When an application is moved from one proces-
sor to another without page migration, memory accesses
performed to these data become distant accesses, have a
higher access latency and degrade performance. An appli-
cation is affected by the lack of page migration if (i) it
spends a substantial amount of time performing memory
accesses and (ii) it manipulates allocated data during long
periods of time. We experimentally confirmed that it is the
behavior of streamcluster and canneal which highly
benefit from page migration. We used the CPU to DRAM
performance counters to quantify the evolution of the ra-
tio of local memory accesses before and after each migra-
tion. When streamcluster is scheduled on the processor
it was spawned on, 99% of its memory accesses are local.
After moving streamcluster from one processor to an-
other, only 1% of its memory accesses are local. Indeed,
streamcluster mostly accesses data allocated in a first
initialization phase. Canneal has a similar memory behav-
ior. Ferret and facesim are less impacted by page mi-
gration because (i) they are less memory intensive and (ii)
they manipulate more short lived objects (after a migration,
facesim has only a 35% ratio of remote memory accesses).



Lastly, an important property of OAAS is that it exhibits
a low performance variation (less than 1%) compared to the
Linux and the random scheduler. Getting the lowest possible
variance is a good property for a scheduling mechanism. In-
deed, scheduling mechanisms with a high variance can either
have good or bad performance. To minimize the variance of
OAAS, the page migration mechanism is very important.
Without page migration, OAAS has a very high variance
(by up to 30%). This variance is caused by the initial random
processor assignment of applications. Applications initially
allocate memory pages on their local memory node. When
the scheduler decides of a new application placement, ap-
plications can be either moved on a new processor or left on
their current processor. Consequently, initially allocated data
can be located on either remote or distant memory, leading to
very different memory costs. The page migration mechanism
allows mitigating the effects of initial random placement by
always moving data close to the applications.

6. Related work

Several research projects have focused on improving the
performance of applications on multicore systems. Some
papers have tackled the problem via scheduling. Our pa-
per is closely related to the work by Fedorova et al. [24],
which proposes a scheduler for asymmetric multicore pro-
cessors. They define two types of processors, “slow” and
“fast”, based on their clock speed and hardware complexity
(e.g. level of microarchitectural optimization). Their sched-
uler makes decisions using a utility function which repre-
sents the expected performance gain of switching from a
“slow” core to a “fast” core. An application, that is mem-
ory intensive, will be scheduled on “slow” cores because it
would not likely benefit from the extra processing power of a
“fast” core. This decision is the opposite of the one made by
our scheduler. Indeed, the architectural assumptions made by
Fedorova et al. do not match with ours. In current NUMA-
machines, there is no difference in clock speed nor hard-
ware complexity between processors; rather the asymmetry
results from the interconnect topology. The scheduling deci-
sion, on such machines, should then be to schedule memory
intensive applications on fast cores, not on slow cores. How-
ever, in future multicore machines, asymmetry will proba-
bly arise from both the interconnect topology and complex-
ity differences between cores. In such systems, a scheduler
leveraging both the MAPI metric and the utility function de-
fined by Fedorova et al. will likely provide the best perfor-
mance.

Besides, Li et al. [16] also distinguish processors on their
frequency. They try to schedule applications on the fastest
cores first, while taking into account migration overheads in
a NUMA system. However, their work mainly focuses on
avoiding costly thread migrations and assumes that all appli-
cations can equally benefit from being scheduled on “fast”
cores. We show that the memory topology impacts differ-

ent applications in different ways and use this information to
make scheduling decisions. The two above-mentioned pa-
pers both artificially introduced asymmetry in their system
by reducing the frequency of certain cores. To the best of our
knowledge, we are the first to show that some commercially
available NUMA systems, advertised as SMP (Symmetric
Multi-Processors), are asymmetric and that this asymmetry
impacts performance.

Other papers have proposed scheduling strategies for mit-
igating contention for shared resources (e.g. [6, 7, 13, 15])
or for leveraging cache locality (e.g. [26]) on multicore sys-
tems. In this paper, we chose to ignore these issues because
they are not directly related to memory asymmetry. For the
same reason, we do not consider time multiplexing issues,
which have already been abundantly discussed in previous
works (e.g. [8, 18, 20, 27]). However, in a real-world sched-
uler, such issues should be taken into account to make effi-
cient load balancing strategies.

Finally, some papers try to detect and prevent multicore-
related issues via profiling. Pesterev et al. [23] use Instruc-
tion Based Sampling to detect poor cache behaviors in the
Linux kernel, Memphis [19] uses similar hardware coun-
ters to detect performance problems on NUMA platforms.
These works allow developers to find hotspots in their ap-
plications but neither of them correlates performance with
application placement on processors. Marathe et al. [17] use
hardware counters to determine the best page placement of
a given application on a NUMA system. This work only fo-
cuses on memory locality without considering asymmetry
between NUMA nodes of a system.

7. Concluding remarks

In this paper, we have illustrated the importance of taking
into account the interconnect topology of NUMA machines
to make efficient scheduling decisions. We have described a
metric which allows predicting the impact of the intercon-
nect topology on application performance and have evalu-
ated its relevance on the PARSEC 2 benchmark suite. Our
scheduler, which leverages this metric, is able to dynami-
cally make efficient placement decisions on various work-
loads taken from PARSEC 2. Below, we discuss additional
points concerning related and future work.

Integration in a real-life scheduler ~Currently, OAAS dis-
regards time multiplexing issues and is implemented as a
user-level prototype. However, we believe that the presented
optimizations could easily be integrated in a full-fledged
scheduler. For example, the Linux scheduler, when choosing
tasks to migrate, already takes into account the cache warm-
ness of applications [18]. The scheduler could also take into
account the MAPI metric before moving tasks; sensitive ap-
plications would then execute with a higher probability on
fast processors, resulting in higher performance.

Applicability of our results We believe that the memory
asymmetry described in this paper is not a specificity of the



studied machine. For example, Baumann et al.[4] use a 32
core, 8 socket, NUMA machine where some processors re-
quire at most 2 hops to access memory while others require
up to 3 hops. Moreaud et al. [21] use a similar 8 socket ma-
chine with only 16 cores. One may argue that recent proces-
sor optimizations, such as AMD HT Assist [3], reduce the
number of cache probes and limit the impact of the intercon-
nect topology on local memory accesses. We intend to study
this aspect in our future work. However, in any case, we do
not believe that these optimizations will limit the applicabil-
ity of our results on future machines. Indeed, new processors
designs, such as the Intel SCC [12], even introduce memory
asymmetry between cores of the same processor: some cores
have no direct access to memory. This kind of complex and
highly asymmetric interconnect topology may become com-
mon in future processors. Taking into account the degree of
connectivity of cores, for schedulers running on such archi-
tectures, will likely be of prime importance to achieve good
performance.
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