V.

EVALUATION METHODOLOGY

A. System Configuration
To analyze FLASK, we model a CMP with out-of-order cores
that mimics the execution resources and on-chip cache hierarchy
of the Intel Haswell processor [16]: using 6-wide issue cores
with 196 in-flight instructions and up to 64 pending memory
operations. The number of cores in the CMP is 16. Therefore,
the coherence fabric has to support up to 1024 concurrent
memory operations. There are three levels of cache. The first two
are private, strictly non-inclusive (i.e. L2 acts as a victim cache
of L1). The third level is shared and uses a mesh network, which
is characterized by better on-chip bandwidth scalability than a
ring network. We will assume that the routers in the network can
handle multicast traffic natively [19], have single-cycle low-load
pass-through [23], separate virtual-networks to avoid end-to-end
protocol deadlock and over-provisioned buffering (90 flits per
port). Similarly to the LLC, the directory is banked and
interleaved by the least significant bits. To quantify FLASK’s
properties and to understand how it behaves compared to snoop
and directory-based protocols, we have implemented two
reference protocols based on TokenB [24] and on a sparsedirectory [15] respectively. TokenB has been selected because it
allows a scalable out-of-order network to be used without adding
additional mechanisms outside the coherence controllers. Using
the same methodology and tools, all coherence protocols have
been optimized fairly. A full SLICC specification for a 3-level
hierarchy can be found in [38]. Memory bandwidth is overprovisioned to avoid the necessity of tuning memory controller
architecture to each protocol. In practice, contention is negligible
in all protocols. In a more realistic environment, broadcast
protocol should be handled carefully to avoid unnecessary
memory requests wasting a very scarce resource such as off-chip
bandwidth [10].A summary of the other main parameters used
in our analysis is shown in Table I.
B. Workloads & Simulation Stack
We will use GEMS [26] as the main tool for our evaluation.
With GEMS, it is possible to perform full-system simulations.
Coherence protocols have been implemented using the SLICC
language (Specification Language for Implementing Cache
Coherence). In order to model accurately interconnection
network contention and its impact on the average access time,
we replace the original network with TOPAZ [1]. For power and
cost modeling, we use CACTI 6.5 [29] for the cache and DSENT
[36] for the network. Ten workloads, shown in Table II, are
considered in this study, including both multi-programmed and
multi-threaded applications (scientific and server) running on
top of the Solaris 10 OS. The numerical applications are three of
the NAS Parallel Benchmarks suite (OpenMP implementation
version 3.4 [20]). The server benchmarks correspond to the

whole Wisconsin Commercial Workload suite [2]. The
remaining class corresponds to multi-programmed workloads
using part of the SPEC CPU2006 suite [35] running in rate mode
(where one core is reserved to run OS services). The mix of
workloads has been selected trying to cover diverse usage
scenarios, varying the sharing degree (from none in SPEC
applications to a large amount in Server Workloads) and sharing
contention (from none in SPEC to a large amount in scientific
applications). Among the NAS applications, we chose the three
with the highest sharing contention. From the SPEC suite, we
chose three applications with a variable range in working set
size. We should emphasize that the three families of applications
exhibit quite dissimilar behavior from the coherence protocol
perspective, but they have to be considered, given the usage
scenarios of general purpose CMPs. Focusing the evaluation on
a single suite of benchmarks, it is hard to consider all the
characteristics we have represented with the selected mix.
We model hardware-assisted TLB fill and register window
exceptions for all target machines. Multiple runs are used to
fulfill strict 95% confidence intervals (error bars are not visible
in most cases). Benchmarks are fast-forwarded to the point of
interest, during which page tables, TLBs, predictors, and caches
are warmed up. In iteration-based applications, such as NPB, a
TABLE I. SUMMARY OF 16-CORE CMP SYSTEM CONFIGURATION
Core
Arch.

behavior will have a negligible impact on performance since the
one-by-one migration of filter sub-table entries to directory
could be done in the background with the normal system
operation. The opposite operation is direct (just requires
invalidating directory entries that will be used as a sub-table).
We will not discuss the mechanism for triggering this process
since the sharing pattern of the applications is quite stable
throughout the execution. The most cost effective way is to
trigger it by software at the beginning of the workload.

Functional Units

4xI

warm checkpoint is taken in the middle of the execution and with
a reduced number of iteration runs. Transactional workloads are
warmed up by running hundreds of thousands of transactions,
and accurately simulated for a fixed number of transactions.
SPEC workloads are fast-forwarded to the point of interest and
simulate ~8billion instructions.
VI. PERFORMANCE RESULTS
A. Comparative results with reference protocols
The fundamental parameters of the system for the considered
coherence protocols running the selected workloads, namely
execution time, average access-time and memory hierarchy
energy delay product (EDP) are shown from fig. 3 to fig. 5. To
clarify the total storage, we denote it as SDE (Sparse-Dir
Equivalent) capacity. All the results are normalized against
token coherence and the directory size is being swept from a
capacity to track 160% of the private cache blocks (8K SDE
entries) to just 5% (32 SDE entries). Note that in order to keep
implementation cost constant, in FLASK, at this point, half of this
capacity is devoted to the filter and half to the directory. In other
words, in the most extreme case, the FLASK directory will only

have SDE capacity to track 16 shared blocks per controller (256
in the whole chip).
As expected, when the size of the directory is below one
fourth of the aggregate private caches’ capacity, the sparsedirectory performance is degraded. In contrast to other previous
works, [12], we observe this degradation with significant
directory size reduction. This is related to the fact that in that
work there is only one level of private caches. Here, L2 acts as a
victim cache for L1. Thus, a directory induced private miss is
eight times more frequent in L2 than L1. If we take into account
that in L2, block reuse is low [18], the results seem reasonable.
With an inclusive L1/L2 (which for an aggressive out-of-order
core and a shared LLC might not be interesting), the effects will
be more noticeable but still not too acute. Additionally, it should
be noted that for an in-order core, directory-induced private
misses (and subsequent hits in L3) will have more effect on
performance. The memory level of parallelism present in the
evaluated system allows the impact to be partially hidden.
As can be seen in fig. 5, sparse directory hits in private
caches are reduced when the count of tracked blocks is
decreased. Thus, there is a substantial increment as data must be
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retrieved from LLC (for private blocks) or other private caches
(for actively shared blocks). In numerical or multi-programmed
workloads the former case is more frequent while the latter exists
in server workloads. This is consistent with the sharing degree.
As can be seen for applications with a large portion of shared
data, the latency degradation from 160% to 5% is almost
doubled, degrading the performance by more than 40% on
average. For these cases the intense coherence traffic due to
directory-induced invalidations and subsequent LLC hits makes
the activity increase in the network substantially, which
degrades the energy properties, making it worse than the snoopbased protocol.
When we look at the performance of the snoop-based
coherence protocol, we can observe unstable behavior. In some
applications it seems to be almost the best performer while in
others it is clearly not. The reason can be found in the on-chip
contention. For some of the scientific applications, there is a
significant traffic pressure on the LLC network. In spite of
having a reasonably dimensioned network (4x4 mesh with 3
GHz clock and 16Byte links) and a router with state-of-the-art
features [19] [23], the latency of the LLC is larger. Despite being
an average sized system, extra traffic imposed by broadcast
requests and the concurrent memory operations (at a given time
there may be more than 16K packets in-flight) seem to surpass
network capabilities. The solution for this unpredictable
behavior is to oversize the network (e.g. increasing the link
width, using topologies with better connectivity, using a more
advanced router, etc.) or to redesign the coherence protocol [30].
Unfortunately this would be inappropriate for bigger systems. In
any case, even in applications where TokenB has a slight
performance advantage, the energy consumption is higher.
FLASK exhibits very different behavior to the other
protocols. Even in the most extreme configuration, the
Normalized Broadcasts

1.2

Avoided Broadcasts

False Positives

performance seems quite unaffected. In the worst case, which is
apache, the performance degradation observed versus token is
13%. In general, it seems that applications with low sharing
degree are correctly handled, with almost negligible
performance degradation. Having only SDE capacity to track
256 private blocks seems to affect other applications more
significantly. This causes more reconstructions, which delays
access to shared data after a capacity miss in private caches,
slightly lengthening LLC access time. In other applications, such
as the multi-programmed workloads, in spite of having a
minimal filter (just 32 buckets per sub-table), the effects both on
performance and energy of this extreme configuration are
negligible. On average the performance degradation when
reducing from 160% SDE capacity to 5% is only 8%, which is a
noteworthy result. In all cases, the number of private-cache
external invalidations due to the replacement of blocks in LLC
without all the tokens is negligible.
Since the on-chip traffic is filtered out, there is no similar
behavior to that observed for TokenB. In general, the energy
requirements of the protocol are smaller than token and are quite
steady regardless of the directory size. Note that this metric is
pessimistic, since we exclude the cores’ power consumption. As
FLASK is the best performer in most cases, the EDP of these
components will be low.
In summary, with almost no tracking capability, FLASK is
more stable and energy efficient than broadcast-based protocol,
and its performance degrades much more gracefully than
conventional sparse-directory when directory size is reduced.
B. Filter Efficiency
The previous results contain some details that we want to
highlight, namely, the filter efficiency. The main figure of merit
is the false positives, which increase on-chip energy and memory
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Fig. 9. 40% SDE Static normalized performance of FLASK with dynamic and static storage allocation.

access time. Fig. 6 shows the total number of multicasts over a
range of available storage for the filter capacity.
For reference, we normalize this metric to multicast in
TokenB. Note that, when we take into account that the network
can natively handle multicast traffic and the cache snoop energy
contribution, this might not be directly transferred to link
utilization or energy consumption, as we can contrast these
results with fig. 4. When the directory is dimensioned for 20%
of private caches, false positives seem to be consistent with the
theoretically expected proportion of 5%. If we shrink the SDE
capacity to just 5% of private caches, although there is an
increase in false positives, counter saturation never occurs in any
of the runs of our evaluations. While in some cases, even with
such a small filter, it is able to detect a reasonable number of onchip misses; in other cases (such as the NAS applications), it
cannot do so. In some applications, the number of true positives
(private cache misses for actively shared data) grows when we
reduce the size of the directory while in others, it remains almost
unchanged. In the former, the directory is not able to maintain
the shared working set, whereas in others it can do so. In contrast
to this behavior, false positives are more numerous in the latter
applications as private blocks increase the number of elements
to be tracked by the filter.
Fig. 7 shows the TokenB normalized memory access time
(from the core perspective, i.e. includes the whole latency to
transmit the desired word from memory to the processor backend) for FLASK and sparse-dir. Note that memory requests in
both cases will be roughly the same, since most off-chip requests
are induced by LLC capacity misses and both protocols handle
LLC data in the same way. In numerical applications, false
positives for very small filter capacities have a negative effect
due to the delay in off-chip access and the on-chip latency that

the extra traffic adds. Consequently, there is a significant
increase in memory access time. In applications such as the
server workloads, the extra traffic due to compulsory
reconstructions increases the contention, increasing the access
time to the memory controller and therefore delaying the
memory access.
For the generous off-chip bandwidth considered, the results
are dominated by on-chip effects: on-chip contention and the
additional latency induced by false positives (which delays the
memory request until the coherence controller realizes that there
is no on-chip copy). Even in the most adverse directory
configuration, the effect is less than 5%. This is almost
unnoticeable in the average access time, as can be appreciated in
fig. 5. Note that in a system with many cores or large private
caches, this configuration could reduce the storage footprint
significantly. In any case, directory size can be a useful knob for
the trade-off between implementation and energy cost.
C. Adaptive Filter/Directory resource partitioning
As stated before, dlCBF allows adaptive resource splitting.
Although we did not implement the on-line adaptation, we can
statically choose the best configuration for the application.
Looking at fig. 6, it seems clear that multi-programmed,
numerical applications require few entries in the directory. On
the contrary, for commercial workloads, the on-chip traffic is
dominated by reconstructions. Therefore, we should select only
a 1-way directory for the first two classes (with 7 sub-tables in
the filter) and a 7-way directory for the last class (with just 1 subtable in the filter). Note that even in a multi-programmed
workload, a small number of OS addresses might be shared, so
we need at least a 1-way directory. The broadcast signature,
normalized against the token, is shown in fig. 8. The
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performance results of the static and dynamic storage allocation
in the memory controller are shown in fig. 9. If we compare these
results with those provided in fig. 6, the effect of the approach is
to halve the storage resources with negligible impact. For
example, under these conditions with 10% SDE capacity, the
traffic requirements are close to 20% of SDE capacity when the
results are statically halved. Consequently with just 10%, in
most applications, a tolerable false positive rate is observed. On
average, with 10% and 5% of SDE capacity, we observe a
performance penalty of about 3% and 6% respectively. Although
dlCBF is suitable for an on-line mechanism, capable of
morphing sparse-directory and filter throughout the application
execution, we left this analysis open for future work. Under
cloud-computing scenarios (with live workload migration), this
might be interesting, given the results seen here. However, in
any case, we believe that such a task should be done in the
software layer, since the switch in behavior will be quite
infrequent.
D. Comparing FLASK with other directory cost reduction
alternatives
FLASK can be combined with other strategies focused on the
same goal [11][12][13][27][32]. Some of them are focused on
eliminating the directory overprovision by emulating large
associativity through multi-hashing indexing and insertion [32]
[33], achieving in most workloads the benefits of a very high
associativity at a fraction of the cost. Therefore, if we increase
the associativity of the sparse directory, we can achieve a similar
effect. Fig. 10 shows the over- provisioned normalized result for
different associativities (ranging from 1-way to 64-way with a
fixed capacity). In order to appreciate conflict misses in the
directory, and given that the computational requirements of the
evaluation framework system and application scalability
prohibit it, we artificially reduce the size to just 20% SDE
(otherwise evictions caused by conflict in the directory are
negligible). Except in the case of FT, whose counterintuitive

behavior is caused by very low directory reuse [32], increasing
the associativity reduces the directory conflicts, which provides
a slight performance degradation. As we can appreciate, 1-way
directory in FLASK is able to outperform the sparse directory
even with 64 ways. In FLASK, the impact of directory conflicts
on performance is negligible. Therefore, FLASK will provide
better performance than techniques focused on minimizing
directory conflicts such as [11][12]. The reasons for this are: (1)
there is no need to perform external invalidations after a
directory eviction, and (2) it only uses the directory to track
actively shared blocks. Under such circumstances, the
experimental observations made by [15] about conflicts are no
longer applicable. In fact, although not exploited here, FLASK
can be used to reduce directory implementation cost (v.gr. using
very low associativity).
Like FLASK, MOSAIC was focused on improving directory
scalability, eluding directory inclusiveness through entry
reconstruction on demand. Fig. 11 compares the on-chip
memory bandwidth consumption for the two approaches, for
different SDE capacities. As expected, the control traffic
generated by FLASK is significantly less than MOSAIC. This is
because directory entry reconstructions in FLASK are performed
only for shared data. This means that in some multi-programmed
workloads, such as hmmer, the total amount of traffic is up to
60% less. When the size of the filter is reduced, the false
positives increase the traffic slightly. With applications with a
high sharing degree, such as apache, this advantage is smaller.
In this last type of benchmarks, when the size of directory is
reduced below 20%, the behavior of the two protocols becomes
more similar due to the fact that most reconstructions are
because of shared blocks. On average, and with a directory of at
least 20%, FLASK enables the reduction of total on-chip traffic
by 20%.

VII. CONCLUSIONS
We have proposed an evolutionary re-architecture for
directory coherence protocols that can benefit from snoop-based
coherence without paying a high toll. The results enable a
balanced approach that improves system performance in a wide
range of applications.
The proposal might be beneficial to scale the coherence
protocol for many-core systems or for medium-size CMPs, as
we have demonstrated in the results section especially so bearing
in mind recent and forthcoming commercial systems. In any
case, we have shown that even for 16-core CMPs there are both
power and performance benefits versus other protocols.
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