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Abstract. In tiled Chip Multiprocessors (CMPs) the banks of the built-
in last level cache (LLC) are usually distributed among the tiles and
logically shared. A static mapping of cache blocks to the LLC banks
leads to poor efficiency since a block can be mapped to a bank far away
from the tiles which actually access it. Partially dynamic policies have
been proposed, which however rely on the static mapping of blocks to a
set of banks (D-NUCA) or rely on the OS to dynamically load pages to
statically mapped addresses (first-touch).

We propose a new dynamic approach where the LLC home bank is
determined at runtime in hardware, with the memory controller in charge
to perform the block mapping when fetched from main memory. To speed
up the home bank lookup process, we use simple and lightweight NoC
optimizations. When compared with alternative solutions (S-NUCA, D-
NUCA, first touch, private LLCs) results with PARSEC and SPLASH-2
applications indicate improvement in locality of LLC blocks in the same
tile (56.2% from 5.8%) and more than 33% reduction in load and store
miss latencies. This leads to an average reduction of 24% in application’s
execution time compared to static mapping.

1 Introduction

Chip multiprocessor systems (CMPs) usually employ a shared memory program-
ming model, thus requiring a cache coherence protocol to keep data consistency
along the cache hierarchy. The on-chip cache is organized hierarchically, with
small low-latency caches at the highest level and larger caches with higher access
times at the lower levels. This provides high on-chip storage capacity without the
high access latency a single, large cache would have. Without losing generality,
in this work we assume the tiled CMP system shown in Figure 1 with a two-level
cache. Each tile includes a core, separate L1 caches for instructions and data, a
bank of L2 cache and a switch to connect the tiles through a 2D mesh.

L1 caches are private to the core in the tile. For the L2 cache, different policies
can be implemented, but the common choices are two. The first is to use each
L2 cache bank as a private cache to the tile, extending its private cache capacity.
This is the best option if the working set of the application fits in the L2 cache
bank, since all cached data can be accessed without sending requests over the
NoC. If the working set does not fit, this policy generates many L2 cache line
replacements, and therefore, off-chip requests. Furthermore, shared blocks are
replicated in different L2 cache banks. The second option is to consider the L2
banks as a shared but distributed L2 cache. Data replication is avoided and
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Fig. 1. Tiled CMP system Fig. 2. Gather control network for tile 0

cache resources are used efficiently, but the latency of retrieving a cached data
in case of L1 miss will be higher and variable depending on the location of the
L1 cache and the L2 bank. Thus, the mapping of blocks to L2 banks is a crucial
design parameter for this approach. In this paper we follow this policy.

The L2 bank that hosts a block is called the home bank. There are two main
design options when deciding which L2 bank is the home for a block. On the
one hand, block mapping can be done statically (S-NUCA): the address space is
divided in subsets and all the blocks of a subset are statically mapped to a bank.
This policy is very simple to implement but can be inefficient as blocks may be
mapped to banks which are far away from L1 requestors. The second option is to
perform the mapping dynamically (D-NUCA) [11], where each subset of blocks
is mapped to a group of banks, or bank set, and blocks can migrate within a
bank set to move as close as possible to the requestor’s tile. This policy has lower
miss latencies but is more complex to implement. Furthermore, the process of
finding a block within a bank set leads to a tradeoff between access time and
NoC traffic since all the banks of a bank set must be accessed, leading to either
high latency (sequential search) or more traffic (parallel search).

In this work we propose Runtime Home Mapping (RHM), a new dynamic
approach where the LLC home bank is determined at runtime in hardware by
the memory controller. While in D-NUCA the mapping is partially static, in
RHM a block can be mapped to any L2 cache bank, enabling future optimization
strategies such as virtualization, where the home banks can be bounded to the
region of the chip running a given application, and increased efficiency of thread
migration, where migrated threads can attract data to their closest L2 cache
banks. Since the home bank is not known a priori, a search must be performed
each time an L1 miss occurs. Conversely to previous approaches to home location,
based on the use of limited-size tables, and therefore prone to costly overflows
[1], we combine three different NoC mechanisms to optimize the search phase:

– An efficient home search method where a broadcast message is triggered to
query the home. Then, a lightweight and simple dedicated control network
is used to collect acknowledgments generated in the discovering process.

– Parallel access of L2 tags. We highly couple tag array of L2s into the current
NoC router design. At the same time the broadcast message enters the router,
the tag array is accessed.
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– A router mechanism aimed to reduce the broadcast messaging. On an L2
tag hit, the broadcast message is removed from the router before leaving it,
thus reducing traffic by chopping broadcast branches.

In addition, we propose a migration strategy similar to the one of D-NUCA
caches but without the bank set constraint: a block can migrate to any bank.
Results show RHM is effective in placing the block near the core using it, reducing
the average number of hops per request by 60% on average compared to static
mapping, which leads to reductions of more than 30% in terms of cache miss
latency and 27% in execution time. NoC and LLC energy consumption is also
reduced by 40% and 23% on average, respectively.

The rest of the paper is organized as follows: in Section 2 we show RHM and
its NoC-level support. In Section 3 we present the router with support for the
parallel L2 tag access. In Section 4 we show the evaluation results. In Section 5
we describe related work. In Section 6 we describe future work and conclusions.

2 Runtime Home Mapping with NoC-Level Support

RHM aims to map blocks to L2 banks at runtime, in order to allocate them as
close as possible to the requesting cores, possibly in the L2 bank of the local
tile. The mapping is performed by the memory controller each time it receives a
request. Thus, if a block is removed from the chip, it can be mapped to a different
L2 bank the next time depending on the requestor and L2 cache availability.

In case of an L1 miss, a request is sent to the local L2 bank in the same tile.
On a miss, a broadcast is sent to all other L2 banks. When a bank receives this
broadcast request, it checks its tag array. In case of a hit, it sends the data back
to the requestor. In case of a miss, an acknowledgement (ACK) is sent to the L2
which issued the broadcast. If all the L2 banks send an ACK to that L2 bank,
it means the block is not cached on chip, so the bank sends a request to the
memory controller (MC), which in turn fetches the block from main memory.
The MC keeps track of the utilization of each L2 bank, so while waiting for
the data it decides which L2 bank will be its home depending on the requestor
location, utilization statistics and the mapping policy (explained in Section 2.2).

Once a bank is chosen as the home for a particular block, the MC notifies the
bank so it can start replacing a cache line, if needed, and allocating a line to the
incoming block while the MC is still waiting for the block. When the block is
received at the MC, it is sent to the chosen home bank, which in turn will send
the block to the requestor L1 cache.

The L2 home search policy just described above has high network resources
demand: every time a request misses in the local L2 bank, a broadcast is issued.
Also, all other banks must answer to the broadcast with an ACK or with the data.
The first can be attenuated by implementing a tree-based broadcast mechanism
within the NoC: a broadcast is sent injecting a single message, that replicates
at switches to reach every L2 bank. This reduces NoC traffic and eliminates the
serialization of multiple copies of the same request (one per destination). ACKs
however still represent a big problem: they are indeed sent roughly at the same
time and will probably serialize in the network and, most important, all of them
must reach the same L2 cache bank (i.e., the one that initiated the broadcast).
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2.1 Gather Control Network

To solve the problems introduced by ACK messages our proposal uses a simple
and fast dedicated control network.1 This network, called Gather Control Net-
work (GCN), can be logically seen as 16 one-bit wide subnetworks, one per tile.
Each subnetwork is a tree of AND gates, connecting the destination tile (the
root) with all other tiles (located at the leaves of the AND tree).

Figure 2 shows the subnetwork with root in tile 0. A one-bit subnetwork
(darker arrows) is added to the regular NoC (bidirectional arrows). If a request
misses in the L1 and L2 caches of tile 0 (L1-0 and L2-0 from now on), L2-0
broadcasts the request to all other L2 banks through the regular NoC. When an
L2 bank receives this request, it triggers the output signal of the GCN for tile
0. Once all L2 banks have triggered their output signals, the output of the AND
tree will notify the L2-0 and thus acts as a global ACK. Sending ACKs through
the GCN highly reduces NoC traffic and power consumption and the ACKs
transmission latency. Indeed, the GCN does not require routing, flow control
nor arbitration at each hop and eliminates message serialization at destination.

The GCN we assume in this work has the same logic behavior of the AND trees
but is implemented with sequential logic, which reduces wiring requirements. An
extensive discussion on the sequential GCN is published in [4].

2.2 Mapping Algorithm

Each time the MC receives a request, a mapping algorithm chooses the home
bank for the requested block, in parallel with the access to main memory, de-
pending on the requestor’s tile and current L2 banks utilization. The MC takes
statistics about cache utilization, which are stored in a table (alloc table) with
N × M entries, where N is the number of L2 cache banks and M the number
of L2 sets. Each entry contains the number of allocations performed in set m of
L2 bank n. If the associativity of L2 sets is Z, the table has to store at mini-
mum N ×M × log2 Z bits. However, the table will double the bits in each entry.
For a 4 × 4 tile system with 16-way 256KB bank sets, the minimum memory
requirements for this single table is 2KB (m = 16, M = 256, Z = 16). With the
increased size, the table will grow to 4KB (to allow 256 allocations per set). The
following pseudocode describes the simple algorithm we implemented:

int function allocate(int r, address a) {
banklist n; bank b; set s; bank h;

s = get_set(a);
if(alloc[r,s]<num_ways) {alloc[r, s]++; return r;}

for(int h = 1; h <= MaxHops; h++){
n = BanksReachable(r, h);
for (int i = 0; i < size(n); i++){
b = SelectBankClockWise(n, i);
if (alloc[b,s]<num_ways) {alloc[b,s]++; return b;}

}

1 This control network is similar to the one proposed in previous works [2],[3] to collect
ACKs generated by Hammer and Directory coherence protocols.
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}

for(int h = 1; h <= MaxHops; h++){
n = BanksReachable(r, h);
for (int i = 0; i < size(n); i++){
b = SelectBankClockWise(n, i);
if (alloc[r,s] - alloc[b,s] > UtilThr) {alloc[b,s]++; return b;}

}
}

alloc[r, s]++; return r;
}

If there is room in the set in the local L2 bank (r tile), then the home is the
local tile of the requestor. Otherwise, the algorithm scans the neighbor banks in
distance order (first for loop) to avoid triggering a replacement if the current line
can be allocated to a distant bank. This search is performed until the threshold
MaxHops is reached, which can be equal to the physical threshold forced by the
system size (number of hops from the requestor to the furthest tile) or lower.

If all the L2 banks are full (alloc higher than num ways), the algorithm tries
to balance the number of allocations (thus, replacements) in all banks (second
for loop). A threshold (UtilThr) is used. If the difference between the number
of allocations in the local tile’s bank and a neighbor bank is higher than the
threshold, then the neighbor bank is selected as the home bank.

If all the banks are balanced, then the block is mapped to the requestor’s
tile. Notice that this does not imply that RHM defaults to private L2 caches.
With private caches all the data accessed by a core must be present in the L2
bank of the same tile, while in RHM this does not apply. For instance, a shared
block will be replicated in all L2 caches if they are private, while in RHM it
will be present only in the home tile. The proposed policy defaults to private
caches only if all L2 banks are full, each core is requesting private blocks and all
banks are uniformly used. In this case, very unlikely in a parallel application, all
blocks are allocated in the requestor tile, which indeed is the best choice since
it minimizes the data access latency.

2.3 Block Migration

If the initial home allocation performed by the MC results sub-optimal, block
migration can be enabled to further reduce the number of hops between an L1
cache and the L2 bank. Notice that a sort of migration mechanism is implicit in
RHM, since each time a block is replaced from an L2 bank and then requested
again it may be mapped to another L2 bank, but this may not always be effective.

We propose a migration scheme similar to the one used in D-NUCA but
without the constraint of being limited within a bank set: in RHM a block
is allowed to migrate to any L2 bank. However, since the migration process
introduces an overhead in terms of traffic and energy, it should be performed
only if it actually leads to a benefit in terms of miss latency reduction.

Solutions in D-NUCA reduce unnecessary migrations and avoid the ping-pong
effect by using a saturating counter for each direction to which a block can move.
A counter is updated each time a request comes from a node located in the
counter’s direction; when the counter saturates, the migration process towards
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that direction is triggered. In our case a block may migrate in any direction, so
four counters are needed, one per direction. Each time a request hits in an L2
block, the counters associated to the requested cache line are updated adding
the distance in hops from the requestor. When a counter is incremented, the one
in the opposite direction is decremented. When a counter saturates, it starts the
migration process: the block migrates to the L2 bank located in the same tile of
the L1 which sent the request that triggered the migration. Counters are reset
after a migration and when a request is received from the local core.

3 Parallel Tag Access

Built-in NoC broadcast support and the GCN highly reduce the NoC traffic
generated during the home search phase. However, traffic can still be reduced
by eliminating useless broadcast branches. In Figure 3.a a request misses in the
local L2 bank and is broadcast to all other banks. Since the data is found in L2-2,
there is no need to propagate the broadcast through east and south directions.
We propose a mechanism to allow parallel access to the L2 tags while a broadcast
message is crossing the NoC router pipeline. This way, in case of an L2 hit, the
broadcast branch can be cropped before the message reaches the crossbar stage
of the switch. Figure 4.a shows a basic 4-stage router modified to enable Parallel
Tag Access (PTA). As the flit exits the input buffer to enter the routing stage,
it is also sent to the L2 tag array to perform the lookup. In case of a hit, the
CHOP signal dismisses the flit (the flit is converted to a bubble). In case of a
miss, MISS signal allows the flit to cross and replicate. Those signals are also
used to generate a global ACK signal in the GCN module of the tile where the
broadcast is cropped, as shown if Figure 3.b.

(a) Example of broadcast branch
cropping.

(b) Modification of the GCN to support
broadcast branch cropping

Fig. 3. Parallel Tag Access: motivation and implementation

Theoretically, the L2 cache must be able to trigger one of the signals within
2 cycles, while the flit is crossing the routing and the VA/SA stages. To limit
power consumption and allow a fast cache lookup, a sequential access to the
L2 bank must be implemented: the tag array is accessed first and then, in case
of hit, the data array is accessed. If the tag access latency is still higher than
two cycles, the L2 bank can be partitioned in sub banks until the size of the
tag array allows a 2-cycles lookup. Alternatively, the L2 bank may require more
cycles than the flit to cross the router (case of a shorter pipeline design as shown
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in Figure 4.b). In this case, the flit gets blocked at the VA/SA stage until the L2
tag access is performed, then the flit either advances through the crossbar (in
case of a miss) or it is dismissed (in case of a hit). Notice that only broadcast
request messages, which are single-flit messages, have to wait for the L2 bank to
access the tag array. Also, with the obtained high locality of data in the local
L2 bank (seen in the evaluation), the effect of this delay is negligible.

Fig. 4. 4-stages (left) and 3-stages (right) switches modified to allow parallel tag access

We implemented the basic 4-stage switch using the 45nm technology Nangate
[5] library with Synopsys DC. The modifications needed to couple the switch
and the L2 tags in order to allow PTA resulted in a negligible area overhead.

4 Evaluation

We evaluate RHM and compare it with other proposed NUCA configurations. In
the baseline (S-NUCA) blocks are statically mapped to L2 banks using the less
significant bits of the block address. In D-NUCA, blocks are statically mapped
to a bank-set depending on their addresses. The matrix of L2 banks is divided in
four bank-sets, one per column of tiles. Blocks are inserted in the L2 bank located
in the same row of the requestor and then can migrate within the bank-set, one
hop each time a migration is triggered. A third configuration uses private LLCs.
Finally, we consider an S-NUCA configuration in which the blocks are mapped
to the L2 banks using a first touch policy [6]. These configurations are compared
to RHM, with and without block migration.

Table 1. Network and cache parameters

Routing XY Coherence protocol Directory (MESI)
Flow control credits L1 cache size 16 + 16 kB (I + D)

Flit size 8 byte L1 tag access latency 1 cycle
Switch model 4-stage pipelined L1 data access latency 2 cycles
Switching virtual cut-through L2 bank size 256 kB
Buffer size: 9 flit deep L2 tag access latency 1 cycle

Virtual channels: 4 L2 data access latency 4 cycles
GCN delay 2 cycles Cache block size 64 B

The cache coherence protocol for each configuration, the NoC with broadcast
support and the GCN have been implemented and simulated using our flit-
level cycle-accurate network and cache hierarchy simulator. We embedded it in
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Graphite[7], capturing the memory accesses of Graphite’s simulated cores and
using our tool for cache hierarchy and NoC timing. Different applications of the
SPLASH-2 and PARSEC benchmark suites have been run on the 16-core system
considered throughout this paper. Network and cache parameters are shown
in Table 1. Cache latencies have been obtained using Cacti [8]. One memory
controller is placed at the top left corner of the chip. For the sake of fairness, we
have used also the broadcast support and the GCN in the D-NUCA approach.

Fig. 5. Avg hop distance between L1 requestors and the tile where the data is found

Figure 5 shows the average hop distance from the requestor to the home tile.
For S-NUCA, the block is found on average at a distance of 2.85 hops. This
distance is roughly the same for most applications as blocks are uniformly dis-
tributed among the L2 banks. With other configurations, however, since blocks
are dynamically mapped and/or moved from a bank to another, the distance
is quite variable depending on the application. For Barnes, dynamic techniques
are not so effective, and the average value is always higher than 2 hops, while
for other applications, e.g. Ocean, those techniques achieve a large reduction in
the average number of hops. On average, RHM locates the data closer to the
requestor than the other configurations, and this distance is further reduced if
block migration is enabled. Indeed RHM MIGR achieves a locality close to that
of PRIVATE L2.

Fig. 6. Percentage of hits in the L2 bank located in the tile’s requestor

Figure 6 shows the percentage of requests which hit in the L2 bank located
in the same tile of the requestor over the total number of L2 hits. Again, re-
sults when using S-NUCA do not depend on the application due to the uniform
mapping of the blocks, and this percentage is quite low (6% on average). This
percentage increased to 16% for D-NUCA, but is still much lower when com-
pared to First Touch (33%), RHM (49%), RHM with block migration (56%) and
Private L2 (72%). Thus, the most effective dynamic method is RHM.
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Fig. 7. Normalized execution time (L2 256KB L1 16KB)

Figures 7 shows the normalized execution time with the six different con-
figurations (PTA is not enabled in this evaluation). We can observe how exe-
cution time is largely reduced with average factors ranging between 12% and
24% when using First Touch and RHM (with and without migration enabled).
RHM achieves lower execution time due to its achieved higher locality in L2.
Also, the migration policy helped in further reducing execution time. Contrary
to this, D-NUCA is not able to achieve large reductions when compared to S-
NUCA. The use of private caches achieves large execution time reductions but
its effectiveness depends on the size of the working set of every application.

Let’s now enable the PTA and see how it impacts performance. Figure 8.a
shows the normalized reduction in number of broadcast messages received with
PTA. On average, PTA helps in reducing the number of received messages by
10%, saving link and router traversals and L2 tag accesses. The average number
of messages saved per broadcast is 3.41 (without chopping, the number of mes-
sages per broadcast is 15). PTA improves the performance of RHM in two ways:
first, as broadcast branches are cropped, the block search phase is faster; second,
at the destination tile messages are delivered directly to the L2 bank without
having to cross the 4 pipeline stages of the switch. These two effects combined
lead to a further average reduction of execution time of 5% (12% for Ocean-nc).

Figure 9 shows the average load and store miss latency, respectively, for the
evaluated configurations, normalized to the S-NUCA approach. RHM reduces
these latencies more than 35% on average and up to 80% (FFT store miss la-
tency) or even 90% (Radix load miss latency). Again, the effectiveness of RHM
in reducing the miss latency depends on the memory access pattern of each

(a) Broadcast messages (b) Execution time

Fig. 8. Normalized reduction in broadcasts and execution time when using PTA
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application. Streamcluster shows a high percentage of blocks which are first
accessed by a tile and then by different tiles during different phases of the ap-
plication. In this case, a first touch policy has the negative effect of overloading
the tile where blocks are mapped, and the migration mechanism can effectively
move the blocks to the correct tiles.

Fig. 9. Normalized load and store miss latency

To conclude performance analysis, it should be observed, that RHM performs
better than FirstTouch. Although FirstTouch is a simple mechanism not re-
quiring any hardware assistance, it should be noted RHM allows finer-grained
assignments (blocks vs pages) and also more effective thread migration as blocks
can be effectively migrated along with threads.

4.1 Energy

Figure 10 shows the normalized dynamic and total energy consumed by the NoC
with the six configurations. Resource access (input buffer read/write, routing,
switch allocation, crossbar traversal and link traversal) have been accounted and
fed into Orion 2.0 [9]. If the request misses in the local L2 bank, RHM consumes
more energy than the other schemes, due to the broadcasts. However, the high
percentage of hits in the local L2 leads to less network activity compared to
an S-NUCA. This, combined with the reduced execution time, leads to average
energy reductions of 32%. Energy consumption is further reduced by 55% on
average when migration is enabled (RHM MIGR).

Figure 11 shows the normalized energy consumed by the L2 cache. We used
Cacti [8] to obtain the dynamic energy and the leakage per bank. Due to the
broadcast access, RHM consumes more dynamic energy than other proposals
(50% more energy on average), but the leakage component, reduced by the lower
execution time, dominates over the dynamic energy for the configuration we
choose. On average, energy consumption with RHM is reduced by 29% without
block migration and 31% when block migration is enabled.

The area overhead and the power consumption of the LLC utilization table at
the memory controller are a minimal fraction of the overall chip area and power
requirement, due to its very small size compared to the on-chip cache and to the
limited number of accesses compared to L1 and L2 accesses (the table is only
accessed in case of L2 miss).
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Fig. 10. NoC’s energy consumption

Fig. 11. LLC’s energy consumption

5 Related Work

To overcome the wire-delay problem [10], the LLC in CMP systems is usually
banked; this configuration is commonly called a Non-Uniform Cache Access ar-
chitecture (NUCA), initially proposed by Kim et al. for a single core system [11]
and then extended to many cores and CMPs [12], [13], and in turn offers many
options when implementing the mapping of the blocks on each bank, the home
bank search policy [15] [16] and the potential migration [11] or replication [14] of
blocks. Both private and shared LLCs have their advantages and drawbacks, so
hybrid configurations have been proposed to exploit the benefits of both design
choices, such as ESP-NUCA [17] and CloudCache [18]. CMP-NuRAPID [19]
decouples tags and data to allow data placement and replication in any LLC
bank. Reactive-NUCA [14] also allows block replication. CMP-NuRAPID how-
ever requires an additional bus, while Reactive-NUCA is optimized for use on
a 2D torus topology, and therefore it could perform poorly in a 2D mesh-based
system. OS-based techniques to achieve a better mapping of the cache blocks to
the LLC banks have been proposed by Cho et al.[6], Ros et al. [20], Das et al.
[22] to achieve dynamic mapping through OS-level page allocation. Cuesta et al.
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[21] deactivate the coherence protocol for blocks which are detected as private by
the OS. Compile-time and data-based techniques have also been proposed in [23]
and [24]. OS- and compiler-based techniques however rely on static mapping at
hardware-level and can’t support block migration or replication. Finally, Ham-
moud et at. [1] propose to implement blocks placement strategies at the memory
controller(s) to prevent placing a block at an exceedingly pressured local set. To
locate cache blocks at the LLC a CTCT [25] policy is assumed, which introduces
3-way communications in some cases, thus increasing the latency of L1 misses.
RHM, differently from previous proposals, allows efficient block search between
L2 banks in the whole chip. The optimizations/support at the NoC level allow
for a aggressive data placement policy requiring only a small table at the mem-
ory controller, and avoiding the 3-way communication of some of the previous
solutions, or the static assumption of private caches or OS-level solutions.

6 Conclusions and Future Work

In this work we have proposed Runtime Home Mapping (RHM) of the cache
blocks to the LLC banks performed at the memory controller with NoC level
support. Different improvements and designs at the NoC level enable fast and ef-
ficient location of data. The aim is to allocate L2 home blocks as close as possible
from requestors. Results indicate a large span of improvement both in execution
time and in reduced miss latencies. The current work can be extended in many
directions, potentially leading to further improvements. Indeed, in this paper we
applied baseline methods for different critical design choices of the method. As a
first thing, we have plans to evaluate how the search phase behaves with different
broadcast implementations and different network topologies. Second direction is
the definition of smart mapping strategies located in the memory controller to
address power management and fault tolerance at the LLC level. We also would
like to evaluate the performance of dynamic home mapping combined with vir-
tualization where the memory controller cooperates with the OS hypervisor to
optimize the partitioning of chip resources to applications. Another future work
direction is the replication of shared data blocks in more than one L2 bank. Fi-
nally, we plan to extend RHM to use it in a system with more than one memory
controller and to reduce scalability issues.
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