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Abstract
Die-stacking technology enables multiple layers of DRAM to be
integrated with multicore processors. A promising use of stacked
DRAM is as a cache, since its capacity is insufficient to be all of
main memory (for all but some embedded systems). However, a
1GB DRAM cache with 64-byte blocks requires 96MB of tag storage. Placing these tags on-chip is impractical (larger than on-chip
L3s) while putting them in DRAM is slow (two full DRAM accesses
for tag and data). Larger blocks and sub-blocking are possible, but
less robust due to fragmentation.
This work efficiently enables conventional block sizes for very
large die-stacked DRAM caches with two innovations. First, we
make hits faster than just storing tags in stacked DRAM by scheduling the tag and data accesses as a compound access so the data access is always a row buffer hit. Second, we make misses faster with
a MissMap that eschews stacked-DRAM access on all misses. Like
extreme sub-blocking, our implementation of the MissMap stores
a vector of block-valid bits for each “page” in the DRAM cache.
Unlike conventional sub-blocking, the MissMap (a) points to many
more pages than can be stored in the DRAM cache (making the effects of fragmentation rare) and (b) does not point to the “way”
that holds a block (but defers to the off-chip tags).
For the evaluated large-footprint commercial workloads, the proposed cache organization delivers 92.9% of the performance benefit of an ideal 1GB DRAM cache with an impractical 96MB on-chip
SRAM tag array.

General Terms
Design, Performance

Categories and Subject Descriptors
B.3.2 [Hardware]: Design Styles—Cache memories

1.

INTRODUCTION

Die-stacking technologies provide a way to tightly integrate multiple disparate silicon die with high-bandwidth, low-latency interconnects. A likely initial use of die stacking will be to integrate
a large amount of DRAM with a conventional multicore processor chip. The implementation could involve vertical stacking [1, 2]
or horizontal/2.5D stacking on an interposer [3], as illustrated in
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Figure 1: Die-stacked DRAM with a multicore processor chip
implemented as (a) a vertical stack, and (b) side-by-side on a
silicon interposer.

Figure 1, but in either case the processors are provided with a highbandwidth, low-latency path to the stacked memory. Estimates of
stacked DRAM capacity vary from a few tens or low hundreds of
megabytes [4, 5] up to a few gigabytes [6, 7]. Even with a few gigabytes of stacked DRAM, this capacity may not be sufficient to
support the entirety of a system’s main memory, except perhaps
for some lower-end and mobile platforms [8]. For the enterprise
server market in particular, systems can contain many tens or even
hundreds of gigabytes of DRAM.
Without being able to stack the entire system’s memory, there
are two primary ways to use stacked DRAM. One approach is to
expose the stacked DRAM to the operating system (OS) by directly mapping the stacked DRAM into the global physical address
space. The OS is then responsible for deciding what memory pages
should be placed in the faster, high-bandwidth stacked DRAM and
what remains in conventional off-chip memory, migrating pages as
necessary. This approach presents several challenges to near-term
adoption. The OS typically does not have access to detailed usage statistics to determine the most frequently accessed pages that
should be mapped to stacked DRAM. Remapping pages is a heavyweight operation that involves page table updates, TLB invalidations, and copying multiple pages of data. Adding such support to
commercial operating systems will likely require several years of
software development, requiring coordination among companies.
The second usage of stacked DRAM is as a very large last-level
cache. This approach benefits from being software-transparent, and
therefore it is not dependent on new versions of OS’s, and could be
deployed as quickly as a chip can be designed. Section 2 discusses
challenges with DRAM cache variants that use large cachelines,
sub-blocking, or tags in DRAM, as well as showing the potential
of a stacked-DRAM cache with impractically large on-chip tags.
Section 3 presents our stacked-DRAM cache with two key innovations. First, we make hits faster than just storing tags in stacked
DRAM by scheduling the tag and data accesses as a compound access, so the data access is always a row buffer hit. Second, we
make misses faster with a MissMap that eschews stacked-DRAM
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Figure 2: Mapping the tags and data of a cache set to a single
DRAM row.
accesses on all misses. Like extreme sub-blocking, the MissMap
stores a vector of block valid bits for each “page” in the DRAM
cache. Unlike conventional sub-blocking, the MissMap (1) points
to many more pages than can be stored in the stacked DRAM (making the effects of fragmentation rare) and (2) does not point to the
way that holds a block (but defers to the off-chip tags).

2.

CHALLENGES OF IMPLEMENTING
LARGE CACHES

Adding DRAM to a processor to implement a large cache may
sound simple, but there are several challenges that prevent the immediate wide-spread adoption of stacked-DRAM caches. Using
DRAM as a cache requires the implementation of a tag store. A tag
entry for a single cacheline may require up to five or six bytes. For
example, assuming 48-bit physical addresses, the tag itself is approximately four bytes, and the tag entry may include other metadata (e.g., LRU counters, coherence state, and sharer information).
A 128MB DRAM can store 221 64-byte cachelines, which at six
bytes of tag overhead each, results in a total tag array size of 12MB.
This is already larger than most L3 caches today. For a 1GB DRAM,
this tag overhead increases to 96MB.

2.1

Large Cacheline Sizes

The tag overhead for very large caches has been noted by other researchers, and a common approach for avoiding this overhead is
to increase the size of the cacheline [4, 9, 10]. For example, using a 4KB cacheline reduces the total number of cachelines to only
32,768 for a 128MB cache. Very large cachelines can have fragmentation problems; in the worst case, only a single 64-byte subblock will be used from each cacheline. Transferring 4KB of data at
a time can also cause significant off-chip bus contention, leading to
substantial queuing/back-pressure delays throughout the cache hierarchy. Similarly, large cachelines can cause severe false-sharing
in multi-threaded applications, although the fragmentation problem
tends to be of greater concern [11]. Copying unused blocks back
and forth also wastes bandwidth and power [12].
Supporting 4KB cachelines has other challenges. DRAM arrays
use row buffers that are typically only 1KB or 2KB. Therefore,
using 4KB cachelines can require that the data be mapped across
more than one physical DRAM row. Accessing a cacheline will
now require occupying multiple banks and issuing more DRAM
commands. The additional command activity leads to more contention on the command buses, and this can also lead to further
inefficiencies due to DRAM timing constraints.

2.2

Sub-blocking

Sub-blocked caches can alleviate fragmentation and false sharing
problems [13]. Like caching very large lines, multiple conventional
(e.g., 64-byte) cachelines are grouped together into a single aligned
“super-block.” The tag entry maintains a single address tag for the
entire large cacheline, but provides valid and coherence bits for
each individual sub-block. This increases the overhead of the tag

array compared to a simple large-cacheline approach. Assuming an
overhead of eight bits per 64-byte sub-block, each tag entry now requires 68 bytes. A 1GB sub-blocked DRAM cache needs 18.4MB
(larger than most current L3 caches).
The sub-blocked cache uses only bandwidth and power to fetch
requested sub-blocks, compared to a large-cacheline approach that
transfers the entire cacheline. Sub-blocking still does not address
the problem of tracking only a limited number of cachelines. For
workloads with low spatial locality, the large cachelines can result
in high miss rates. Selective caching of the most frequently used
cachelines can alleviate some of this effect [9, 10], but applications
with large active working sets will still suffer.

2.3

Combining Tags and Data in the DRAM

An alternative approach stores the tags directly in the DRAM array
with the data, as shown in Figure 2. A 2KB DRAM row could store
up to thirty-two 64-byte blocks, but the row can also be partitioned
into twenty-nine 64-byte cachelines, with the remaining 192 bytes
for tags. The 29 data blocks need 29 × 6 = 174 bytes for their
tag entries. For this configuration, there are 18 bytes left unused,
which could be employed for better replacement policies, profiling,
or other uses, but we do not explore these other opportunities in this
work. Storing tags in the stacked DRAM can support arbitrarily
large DRAM caches (in contrast to a separate SRAM tag array that
scales linearly in size with the DRAM capacity), although at the
cost of the DRAM capacity (∼9.4% in this example).
While storing tags in DRAM has been discussed by prior work [4,
10], it has been largely dismissed because of the assumed latency
impact. Accessing the cache now requires one DRAM access on
a cache miss, and two for a cache hit: once for the tag, and once
for the data. Even though stacked-DRAM implementations may be
faster than conventional off-chip DRAMs, their latencies are still
considerably longer than SRAMs. Furthermore, the DRAM will
require a third access to update replacement information (e.g., LRU
counters) and/or coherence state in the tag entry. While this extra
DRAM access is off of the critical path of serving requests, it decreases DRAM bank availability, causing more bank contention.

2.4

Potential of Large DRAM Caches

Figure 3 shows the performance impact of implementing very large
caches ranging from 128MB up to 1GB on four memory-intensive
commercial workloads suffering from high memory contention (see
Section 4 for details on simulation methodology). All results in the
figure are normalized to a baseline eight-core processor with an
8MB L3 cache and no stacked DRAM. The top curve (△) shows
the performance for a DRAM L4 cache supported by an ideal SRAM
tag array (i.e., 12MB tag array for the 128MB L4, and 96MBs for
the 1GB L4). The bottom curve (2) is for an L4 that stores the
tags in the DRAM array, where a miss takes one full DRAM access, a hit takes two full accesses, and additional traffic for spilling,
filling, and tag updates are all modeled. The ideal-SRAM tags provide an upper bound on what we can hope to achieve with DRAM
caching. The bottom curve paints an ugly picture for storing tags
in the DRAM. Similar results were shown by previous studies assuming constant latencies for the DRAM accesses [4, 10].

3.

A PRACTICAL DRAM CACHE WITH
CONVENTIONAL BLOCK SIZES

In designing our DRAM cache, we have a few objectives regarding performance and overheads: (1) Support 64-byte cachelines to
avoid fragmentation and minimize the bandwidth of wasted transfers. (2) Keep SRAM overhead as low as possible. (3) On a cache
hit, the latency should be as close as possible to a single DRAM
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Figure 3: Performance benefits of large on-chip caches. See Section 4 for simulation methodology.
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Figure 4: Timing diagrams for a DRAM cache hit. (a) Ideal case that requires a priori knowledge about the location of the requested
block. (b) Using an SRAM tag array. (c) Placing tags in the DRAM, but using pessimistic in which where every DRAM access
requires the worst-case access latency. (d) Placing tags in the DRAM with row buffer aware compound access sequencing.
access. (4) On a cache miss, the request should proceed to main
memory as quickly as possible without a stacked-DRAM access.
To support objectives (1) and (2), we will make use of a tags-inDRAM organization with 64-byte cachelines. In the following sections, we explain how we attempt to achieve goals (3) and (4) despite the latency problems of the tags-in-DRAM organization.

3.1

Reducing Hit Latency

Ideally, a DRAM cache hit requires only a single DRAM access latency, as shown in Figure 4(a). This is very difficult to achieve because a tag lookup is typically required to determine the actual location (i.e., physical way or column) of the requested data.Figure 4(b)
shows the case in which an SRAM tag lookup provides this information, and provides an overall latency close to the ideal case.
The results from Figure 3 showed that the latency of performing two DRAM accesses per cache hit caused some serious performance deficiencies compared to the ideal DRAM caches. This access sequence is illustrated in Figure 4(c). In real systems, DRAM
latencies vary and depend on factors such as row buffer locality,
command scheduling, and DRAM timing constraints.
To read data from a DRAM, a sequence of commands must be
issued from the memory controller. Assuming the requested row is

not already open, the memory controller issues an activation (ACT)
command that retrieves the selected row and latches the values in
a row buffer. The memory controller can then issue a read (RD)
command, causing the selected data words to be transmitted across
the data bus. Eventually, the memory controller must also close the
row by issuing a precharge (PRE) command that writes the contents of the row buffer back to the DRAM bitcell array. The inset
of Figure 4(c) illustrates this command sequence. Note that if a requested row has already been loaded into the row buffer, then the
activation command can be skipped (called a row buffer hit).
We assume that a single physical DRAM row holds both tags
and data, as shown in Figure 2. Our proposed DRAM uses a simple modification of the memory controller’s scheduling algorithm
by treating the separate tag and data lookups as a compound access.
On a DRAM cache lookup, the memory controller first issues activation and read commands as usual to load the requested cache set
into a DRAM row buffer and read the tag information. The key step
is that after the controller issues the tag read command, it reserves
the row buffer to prevent any other requests from closing the row.
In the case of a cache hit, the position of the matching tag indicates the column address of the cache data in the row buffer, and the
memory controller can immediately retrieve the data. By reserving
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Figure 5: (a) MissMap entry covering a 1KB memory segment. (b) Setting a MissMap bit when installing a line in the DRAM cache,
and (c) clearing a MissMap bit when evicting a line from the DRAM cache.
the row buffer, we have guaranteed a row buffer hit for the data
access, as illustrated in Figure 4(d). Comparing this to the SRAM
tag case of Figure 4(b), it turns out that by scheduling the tag and
data lookups as a compound access, the net latency of our tags-inDRAM approach is not much different. We have effectively traded
SRAM lookup latency for row buffer hit latency. Furthermore, the
controller can keep the row reserved so any necessary tag updates
also hit in the row buffer. While this optimization may appear quite
simple in retrospect, the failure to observe this opportunity caused
previous researchers to dismiss the placement of tags in DRAM.
For a cache miss, the row buffer is unreserved after the tag check
completes. A precharge can then be issued to close the row to allow
other cache lookups on this bank to proceed. Reserving the row
causes the bank to be unavailable to other requests for an additional
bus cycle, but this is a small price to pay to guarantee row buffer
hits for the data accesses. Furthermore, the MissMap technique
described in the next section ensures that hits are the common case.

3.2

MissMap: Avoiding Accesses on a Miss

Our last design objective is to avoid the DRAM cache access on
a miss. There are two basic approaches to this problem. The first
is to keep track of all of the contents of the DRAM cache in some
data structure, and if the requested block cannot be found in the
data structure, then we have a miss. Unfortunately, this seems like
it is the same as implementing a tag array with the same problems
regarding the size of the required table. The second approach is to
keep track of all memory locations not in the cache, but the fraction
of the memory space not cached is much larger than what is cached.
A conventional tag array serves two primary purposes. The first
is to track the contents of the cache; i.e., exactly what blocks currently reside in the cache. The second, is to record the location
of each block in its set. This is implicitly tracked by maintaining
a one-to-one correspondence between the physical ways of the tag
array and the ways of the data array. Our insight is to use the precious on-chip SRAM to perform only the first task.

3.2.1

The MissMap

The location information implicit in a conventional tag array is not
actually needed to answer the question of whether an access results in a cache miss. To efficiently track which blocks are currently stored in the DRAM cache, we decouple the block-residency
and block-location problems. A simple MissMap data structure answers queries about cache block residency, and then the location
problem is handled by the in-DRAM tags. In our current implementation, each MissMap entry tracks the cachelines associated
with a contiguous, aligned segment of memory, such as a page.
Each MissMap entry contains a tag corresponding to the address
of the tracked memory segment, and a bit vector with one bit per
cacheline. Figure 5(a) shows a MissMap entry for a 1KB segment.

Each time the processor inserts a new cacheline into the DRAM
cache, the processor also looks up a MissMap entry corresponding
to the segment containing the new cacheline (allocating a new entry if necessary) and sets the bit in the entry corresponding to the
inserted cacheline, as shown in Figure 5(b). When the processor
evicts a cacheline from the DRAM cache, the bit in the MissMap
entry will be cleared, as shown in Figure 5(c). The MissMap maintains a consistent record of the current DRAM cache contents, and
so by checking to see if a cacheline’s MissMap bit is zero, the processor can quickly determine that there is a cache miss. Similarly,
if no entry can be found for the segment, this means no cachelines
from the entire segment are currently in the cache. In this fashion,
DRAM cache misses bypass the DRAM cache lookup entirely; a
consequence is that the lookups that do go to the DRAM cache are
always hits, thereby increasing the effectiveness of scheduling the
lookups as compound accesses (Section 3.1).
Note that the bit-vector MissMap entry is just one possible implementation, and it represents just one possible embodiment of
the general approach. MissMaps in general can be imprecise in
answering cacheline residency queries so long as they are conservative (e.g., with Bloom filters). That is, if a cacheline is present in
the DRAM cache, then the MissMap must always accurately report
this. If a cacheline is not present, then incorrectly reporting that
it is present only represents a performance opportunity loss, but it
will not cause incorrect program execution.

3.2.2

MissMap Sizing and Reach

At first blush, the MissMap looks very similar to the tag array for
a large-cacheline cache and just performs sub-blocking in disguise.
The critical difference is that the MissMap is sized to be able to
track more memory than can fit in the DRAM cache, whereas the
tag-array for a large-cacheline cache tracks exactly the number of
cachelines that fit in the cache. Figure 6(a) shows an example 4KB
cache that uses 1KB cachelines. The tag array consists of only four
entries corresponding to the four large cachelines. Sub-blocks corresponding to cachelines other than the four currently cached lines
cannot be stored, as depicted by the sub-blocks (shapes) sitting outside the cache area in the figure.
Figure 6(b) shows a similar 4KB cache, but with 64-byte cachelines and tags in the DRAM array. The main DRAM cache is still
organized with tags in the DRAM, so it is not limited to suffer
from only being able to handle a small number of unique cachelines like the large-cacheline approach. The MissMap still provides
a compact, yet accurate, representation of the current DRAM cache
contents, but can only be used to answer queries about block residency. This example uses small cache and MissMap sizes for illustrative purposes. Consider a 4KB segment size that contains 64
cachelines. The tag size is 36 bits, and the MissMap’s bit vector
is 64 bits, for a total of 12.5 bytes. Assuming a storage budget of
2MB, we can store approximately 167,000 MissMap entries. Each
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Figure 6: (a) Example large-cacheline cache consisting of four 1KB cachelines and four corresponding tag entries. (b) Example
tags-in-DRAM cache with MissMap.
entry can track up to 4,096 bytes, and so the collective reach of
the MissMap can cover 655MB of memory. To implement a 2MB
MissMap, we propose to simply steal some space from the existing on-chip L3 cache. This is similar to how AMD’s Magny-Cours
processor uses part of its L3 cache for a probe filter [14]. The
MissMap lookup is serialized with the DRAM cache lookup, so
the overall DRAM cache latency is increased by the equivalent of
an L3 cache data array access. We did evaluate a version where we
dynamically monitored the DRAM cache hit rate, and if the rate
increased past a threshold, then we would perform both MissMap
and DRAM-cache accesses in parallel since in the common case
we would have a cache hit. For our workloads, this had very little
impact on performance and so we do not discuss it any further.

3.2.3

Handling MissMap Evictions

When the processor inserts a cacheline into the DRAM cache and
the MissMap does not contain a corresponding entry, then a new
MissMap entry must be allocated. The MissMap is organized like
a conventional set-associative cache, and a victim entry can be chosen using standard heuristics (we simply use LRU). One potential
problem is that some bits in the victimized MissMap entry may still
be set because cachelines from this memory segment are still resident in the DRAM cache. By overwriting the MissMap entry, we
lose this information and the ability to accurately respond to residency queries. Therefore, whenever a MissMap segment is evicted,
all corresponding cache blocks must be evicted to ensure that the
updated MissMap still maps all cached blocks.
We employ selective writeback to maintain consistency between
the MissMap and the DRAM cache. On a MissMap eviction, we
use the segment’s bit vector to determine which cache blocks are
still resident in the DRAM cache. We do not track per-line dirty
state in the MissMap, and so for each resident line, we perform
a tag lookup from the in-DRAM tags. If the line is dirty, then a
writeback is sent to main memory. After all dirty blocks have been
written back, the victim MissMap entry can be reallocated to a new
segment. In the worst case, in which all cachelines in a segment are
dirty, the resultant burst of writebacks can cause significant off-chip
traffic. In practice, the segment eviction overhead is much lower
because the tag-check traffic is proportional to only the number of
currently cached lines from this segment, and the writeback traffic
is proportional to the actual number of dirty lines.
To further cut down on tag traffic during MissMap eviction, we
add a single per-segment dirty bit to each MissMap entry. If any
cacheline is ever written to within this segment, the dirty bit is set
and tag checks must be performed when the processor eventually
evicts this MissMap entry. If the per-segment dirty bit is not set,

Name
Web-Index
SPECjbb05
TPC-C
SPECweb05

Description
Internet/web indexing
Java server benchmark
Online transaction processing
Web server benchmark

Total Footprint (GB)
2.98
1.20
1.03
1.02

Table 1: Workloads used in this study.
however, then the entire segment is clean and the MissMap entry
can immediately be reallocated without any further checks.
Eviction of MissMap entries may induce some additional activity depending on the underlying coherence protocol or other cache
assumptions. When performing a tag check to determine if a cacheline is dirty, if the line is in a state from which evicting it would
normally generate additional coherence transactions (e.g., notifying the directory of the eviction), then these actions must still occur. New or slightly modified coherence protocols can be designed
or optimized to better deal with a DRAM cache and the MissMap,
but that is beyond the scope of this work.

4.

EXPERIMENTAL RESULTS

This section first explains our benchmarks and simulation methodology, and then presents the performance results of our proposed
DRAM cache architecture.

4.1

Methodology

For systems very large DRAM caches, interesting behaviors will
only be observed when running applications with correspondingly
large memory footprints. To this end, we used the four multithreaded server workloads listed in Table 1. Each workload has
a memory footprint in excess of 1GB. We used the gem5 simulator
for our performance evaluations [15]. The simulator combines the
Michigan M5 framework for functional simulation and system emulation [16] with the Wisconsin GEMS infrastructure to model the
caches, coherency, and the memory system [17]. All of our simulations model an eight-core system with the parameters listed in
Table 2. Each L2 cache is shared between a pair of cores, and the
L3 is shared among all eight cores. We replaced the default GEMS
DRAM model with a detailed DRAM timing simulator with a FRFCFS memory controller [18] that issues each individual activate,
read/write, and precharge command while honoring DDR3 timing
constraints and performing data bus scheduling. All memory traffic
is processed using physical addresses from real operating system
virtual-to-physical memory allocations.
For the stacked-DRAM cache, we evaluated sizes from 128MB
to 1GB. Similar to previous work, we assume the DRAM array
has a lower latency than the off-chip memory; our stacked-DRAM
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Figure 7: Performance impact of DRAM caches compared to a baseline with only an 8MB L3 cache. The inset shows how much
using compound access scheduling and a MissMap with 4KB segments closes the performance gap between the baseline (no DRAM
L4) and an ideal SRAM-tag implementation.
Processors
Number of cores
Frequency
Width
I$ and D$
L2
L3
Bus frequency
Channels
Ranks
Banks
Row buffer size
Bus width
tCAS -tRCD -tRP -tRAS -tRC
tWR -tWTR -tRTP -tRRD -tFAW
Bus frequency
Channels
Banks
Bus width

8
3.2GHz
1 IPC
Caches
32KB, 2-way, 2 cycles each (per-core)
2MB, 8-way, 10 cycles (per two cores)
8MB, 16-way, 24 cycles (shared)
Off-Chip DRAM
800 MHz (DDR 1.6GHz)
2
1 Rank per channel
8 Banks per rank
2,048 bytes
64 bits per channel
9-9-9-36-33
10-5-5-5-30
Stacked DRAM
1.6GHz MHz (DDR 3.2GHz)
4
16 Banks per rank
128 bits per channel

Table 2: System parameters used for the simulations in this
study. Stacked DRAM parameters are the same as the off-chip
DRAM parameters except where noted in the table.
timing latencies are approximately half of that compared to conventional off-chip DRAM,1 whereas previous work assumed ratios
of 1:3 [10] and 1:4 [4, 9]. A relatively slower off-chip memory
makes the performance impact of a DRAM cache appear greater.
The stacked DRAM also supports more channels, and more banks
and wider buses per channel [19].

4.2 Performance
Figure 7 shows the performance of various DRAM cache options,
normalized to the baseline system with only an 8MB L3 cache. For
reference, we include the “lower bound” configuration with a tagsin-DRAM cache assuming naive constant-latency DRAM accesses,
and the “upper bound” configuration with 64-byte cachelines supported by an impractically large on-chip SRAM tag array; these
two configurations are identical to those presented in Figure 3.
1

We first evaluate the impact of compound access scheduling in
the context of a tags-in-DRAM cache organization. This configuration has lower overall cache capacity (29-way set associative rather
than 32-way). When accounting for compound-access scheduling,
the performance of this L4 cache stands in stark contrast to the results when assuming a pessimistic constant-latency DRAM. Across
the results, this one simple optimization gets us more than halfway from the pessimistic lower bound to the ideal SRAM-tag upper bound. Compared to the L3-only baseline, this optimization
enables the tags-in-DRAM approach to achieve 90.3% of the performance of the impractical SRAM-tag version for a 128MB cache,
and 88.5% for the 1GB cache.
Next, we include the MissMap with 4KB segments. The MissMap
occupies a little less than 2MB of storage, so we reduce the L3 size
to 6MB (12-way). The results show that the MissMap closes the
performance gap by approximately another one-half. Compared to
the baseline of having no L4 cache, the combination of compoundaccess scheduling and the MissMap provides 92.9%-97.1% of the
performance delivered by the ideal SRAM-tag configuration compared to having no DRAM L4 cache.
The baseline configuration employs a single rank per channel.
For many server configurations, multiple ranks per channel are used
to allow even greater memory access parallelism. We also conducted simulations using two and four ranks per channel. While
the raw performance benefit of stacked DRAM reduces due to reductions in memory contention in the baseline cases, the relative
benefit of compound access scheduling and the MissMap remain
similar (i.e., they provide performance similar to the ideal SRAM
tags implementation).

5. ANALYSIS
This section provides additional data regarding the impact on offchip main memory activity, the eviction behavior of the MissMap,
and further sensitivity studies for the MissMap-based DRAM cache.
We also revisit caching with very large cachelines and discuss its
limitations and opportunities.

Timing parameters are in multiples of the bus clock, and the stacked-DRAM bus is
clocked at twice the speed of the off-chip bus.
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Figure 8: The number of unique 4KB segments represented in the DRAM cache, sampled at each cache insertion. The horizontal
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Figure 9: The relative reductions in DRAM (a) activation and precharge, (b) read, and (c) write relative to an L3-only baseline.

5.1

MissMap Coverage

At smaller DRAM cache sizes, the MissMap has enough reach to
track the majority of the DRAM cache’s contents. The MissMap’s
effectiveness is predicated on the assumption that the number of
unique segments active in the stacked-DRAM cache is less than
the number of MissMap entries. When the number of segments
exceeds this limit, the MissMap starts evicting entries, causing additional cache evictions and writebacks. To show how well this
assumption holds, we tracked the number of unique 4KB segments
with at least one cacheline in the DRAM cache for each workload.
We collected this statistic on every installation of a new cacheline in
the L4, and report this in Figure 8. For example, on SPECweb05,
when using a 512MB DRAM cache, for 40% of the samples we
observed 175,000 unique segments (or fewer) represented in the
DRAM cache. Figure 8 also includes a reference line showing the
best-case coverage of our 2MB MissMap. In most cases, apart from
those involving the 1GB cache, the number of unique segments
in the cache is less than the number of segments trackable by the
MissMap. The coverage is not perfect because the MissMap is a
set-associative structure that is still subject to conflict misses.
In the results of Figure 7, we do not increase the MissMap size
with the DRAM cache size. The larger DRAM cache can hold
onto cachelines from a larger number of unique segments, which in
turn places more capacity pressure on the MissMap. Performance
for the MissMap-based L4 cache continues to improve with larger
DRAM sizes, but not at the same rate as the impractical SRAM-tag
upper bound. In particular for the 1GB cache, a 2MB MissMap can
only track 640MB of memory in the best case. Sensitivity studies
in Section 5.4 explore the impact of varying the MissMap versus
L3 cache allocation.

5.2

Off-chip Main Memory Effects

Part of the benefit of using DRAM caches comes from having faster
cache hits served directly from the stacked cache. The conversion
of off-chip traffic into in-stack cache hits has the additional benefit of reducing off-chip activity. This has direct performance and
power implications.
Figure 9 shows the reduction in the number of activate and precharge commands, reads, and writes sent to the off-chip memory.
(Every row that is opened must eventually be closed, so the numbers of ACT and PRE commands are equal.) All of these activities
are normalized to an L3-only baseline. Every off-chip command
avoided represents a savings in power due to the high-power circuits required to signal across the relatively long distance from the
processor package to the memory DIMMs on the motherboard.
Figure 10(a) shows how larger DRAM caches (using the MissMap) increase the row buffer hit rate of off-chip main memory,
which improves the average memory service time. The row buffer
hit rate for a baseline configuration (8MB L3 only) is provided for
reference. The reduction in memory traffic also helps reduce the
queuing latency for each request (i.e., the time spent waiting at
the memory controller before being issued to the off-chip DRAM).
Figure 10(b) shows how the improved row buffer hit rates and the
reduced traffic combine to improve memory latencies.

5.3

MissMap Eviction Behavior

Figure 8 showed that the number of active segments in the DRAM
cache is usually low enough to be effectively tracked by the MissMap. There will remain some MissMap entries that are evicted
(mostly due to conflict misses in the MissMap) that in turn can
potentially generate large bursts of tag-lookup and writeback traf-
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Figure 10: (a) Row buffer hit rates for an L3-only baseline and DRAM cache using the MissMap. (b) Average memory latency for
the same configurations; queuing delay is time spent from arrival at the memory controller until the first DRAM command has been
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Table 3: Additional statistics on MissMap evictions.
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fic. In practice, however, even when a MissMap entry has been
evicted, the amount of additional traffic is quite low. Table 3 lists
the percentage of all MissMap evictions in which the corresponding segment was completely clean (i.e., none of the cachelines were
ever written to, and so the entry’s dirty bit was clear). In these
cases, no extra tag-lookup or writeback traffic will be generated.
For SPECjbb, SPECweb, and TPC-C, approximately 56%-75% of
all MissMap evictions were for clean segments. The Web-Index
workload is an extreme case because it performs a large number of
queries against a large, static indexing data structure. The DRAM
cache capacity is mostly used to store portions of the web index,
and so almost all MissMap evictions are for clean segments.
For the segments that contain modified cachelines, Table 3 also
lists the average number of dirty lines written back per dirty segment. The number of dirty cachelines written increases with the
size of the DRAM cache. This makes sense because with a larger
cache, a larger fraction of a segment’s cachelines will remain resident in the cache, so when the MissMap entry is evicted, there will
likely be more cachelines still in the cache (including dirty ones).
The reason the number of dirty lines per segment is so low in the
small-cache case is that the dirty lines are evicted on their own due
to the cache’s regular replacement policy. When the overall segment MissMap entry gets evicted, the dirty bit will be set, but it will
not find the dirty cacheline because that line was already evicted.
One of the reasons why the MissMap generates relatively little
traffic due to evictions is in the mismatch between useful cacheline lifetimes and how long an entry stays in the MissMap. Figure 11 shows the average number of cycles for which an entry remains in the MissMap before eviction for a 128MB DRAM cache.
The figure also shows the average number of cycles per cacheline
from insertion until last use. Cachelines are brought into the cache,
used, and then evicted long before the corresponding MissMap entry ever gets evicted. As a result, by the time a MissMap entry
is old enough to get evicted, most of its cachelines have also long
since been evicted. Therefore, the MissMap will have few bits set
and correspondingly few tag-lookups and writebacks to perform.

Figure 11: The average number of cycles that an entry stays in
the MissMap, and the average number of cycles that a cacheline
is alive in a 128MB DRAM cache.

Web-Index

SPECjbb05
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SPECweb05

Figure 12: Performance sensitivity on the fraction of the L3
used for the MissMap. Sizes on the x-axis indicate the remaining capacity left for the L3 cache.

5.4

MissMap vs. L3 Tradeoff

For all MissMap performance evaluations so far, we have used
2MB the processor’s 8MB L3 cache for the MissMap. Other partitionings are possible, and Figure 12 shows the performance impact
of these other options. Apart from TPC-C, cannibalizing a larger
portion of the L3 (e.g., 4MB/4MB) provides a small performance
boost, especially for the bigger DRAM caches where having more
MissMap entries can better track the contents of the larger cache.
If too much of the L3 cache is used for the MissMap, then the decrease in L3 hit rates starts to cause performance to drop off again.
While these performance results suggest using a larger MissMap
(4MB), we are uncomfortable recommending such a design choice
because many servers run applications with smaller memory footprints that would benefit much more from the L3 cache. These results suggest further opportunities for the application or operating
system to determine the partitioning. The incorporation of knowledge about application-level behavior and memory needs should
provide better performance than a simple static configuration.
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Throughout this paper (apart from a few illustrative examples), we
have assumed that the MissMap tracks memory with a 4KB granularity. Figure 13 shows how performance changes with different
MissMap segment sizes. All results in the figure are normalized
to a 4KB segment size. Each MissMap entry has an approximately
fixed overhead for storing the tag. Beyond that, the remainder of the
storage is used for the valid-bit vector. Larger segment sizes effectively amortize the tag overhead over a longer bit-vector. Doubling
the segment size doubles the effective reach per entry, reduces the
number of MissMap entries for a fixed hardware budget, and results
in an overall net increase in the best-case coverage of the MissMap.
The problem is that the reduction in the number of MissMap entries limits the number of unique segments that the MissMap can
track. Furthermore, segment sizes greater than 4KB consist of a
contiguous span of the physical address space, which may have little correlation to the virtual address space. The large segment can
contain multiple unrelated virtual pages that do not exhibit much,
if any, mutual locality.
Going the other way, a reduction in the segment size reduces the
coverage of the MissMap. Each halving of the segment size correspondingly halves the coverage of a MissMap entry. Unfortunately,
the number of additional MissMap entries that can be supported is
less than double, and so there is a net decrease in the overall coverage. For the vast majority of workloads and DRAM cache sizes
considered, a segment size of 4KB performs best. This is likely not
a coincidence with operating system page sizes. Various aspects
of the software stack (e.g., compiler-optimized code) are tuned to
handle data in 4,096-byte parcels.

5.6

Comparison to Sub-blocked Caches

We also considered an L4 cache implementation using sub-blocking [13, 20]. We used 2KB blocks (to match the row-buffer size),
consisting of thirty-two 64-byte sub-blocks. For the computation
of the tag overheads of the sub-blocked caches, we assume that
each block needs tag bits (about four bytes), a valid bit, and replacement bits (five bits for a 32-way set associative organization).
Each sub-block has an overhead of one byte, consisting of coherence state and sharer information. The total overhead is 36.75 bytes
per block, and the overall overhead is listed in Figure 14. Because the sub-blocked cache overhead increases with the L4 size,
we include performance curves for both 2MB and 4MB MissMaps.
For the 128MB and 256MB L4 cache sizes, the MissMap (with
compound access scheduling) significantly outperforms the subblocked cache. At these sizes, block-level thrashing causes the
sub-blocked cache to perform relatively poorly. At 512MB, the
thrashing is reduced enough that the sub-blocked cache starts performing well, but at this point, the 2MB MissMap still delivers the
same level of performance but at a much lower overhead (2MB
versus 9.2MB). When the L4 size is increased to 1024MB, the sub-
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Figure 14: Comparison of L4 cache with 2MB and 4MB
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Figure 15: Cumulative distribution of the 4KB pages responsible for the largest number of memory accesses.
blocked cache finally outperforms the 2MB MissMap, but requires
over 9× more tag overhead. The 4MB MissMap (with correspondingly reduced L3 cache capacity) provides the same average performance as the sub-blocked cache, but again at significantly lower
overhead.

5.7

Comparison to Large Cachelines

Our earlier performance results did not provide a comparison against
large-cacheline approaches. We implemented a DRAM cache with
4KB cachelines and a full SRAM tag array. We also implemented
multiple versions of selectively filtered caches (i.e., CHOP) [9]. At
least for our workloads, it appears that there is insufficient locality
of hot pages to make 4KB cache lines work well.
The previous CHOP study focused on a 128MB DRAM cache
using 4KB pages. Figure 15 shows the most frequently accessed
1GB worth of memory pages; the plot also includes a line demarcating the top 128MB’s worth of memory. For the Web-Index and
SPECjbb workloads, a perfect page cache that could omnisciently
choose these most frequently accessed pages could still only serve
30-40% of requests. Due to the large size of the hot working set,
setting the adaptive filter cache’s “hotness” threshold too low generated too much off-chip traffic and would significantly degrade
performance; setting the threshold too high left the DRAM cache
largely unused and so provided little benefit over not having the
cache at all. While we did not observe the same benefits of this
approach as the prior work, their techniques will still be useful for
workloads with high spatial locality. Future research may consider
DRAM cache organizations that can simultaneously handle (or at
least adaptively switch between) multiple caching granularities.

6.

RELATED WORK

During the past several years, many researchers have studied ways
to make use of 3D stacked memory. Most of these works either
assume that all of main memory can be stacked [6, 7, 21, 22] or that
the stacked DRAM is deployed as a very large last-level cache [4,
9, 10, 23, 24]. Other 3D memory research has explored the opportunities for stacked SRAM caches [5, 25–28], stacked non-volatile
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memories [29], and hybrids of memory technologies [30]. In the
following, we will only focus on those works targeting the problem
of implementing DRAM caches and other directly related works.
As already discussed, several earlier works have proposed organizing stacked DRAM with very large (i.e., page-sized) cache
lines to reduce the tag overhead [9, 10]. While these approaches
may be quite effective for workloads that demonstrate significant
page-level spatial locality, we believe the DRAM cache organization proposed in this work is more flexible and generally applicable due to its use of conventional (small) cacheline sizes. Zhao
et al. also considered modest levels of sub-blocking the cachelines
(i.e., grouping together 2, 4 or 8 cachelines), but found that performance fell off beyond a sub-blocking level of two [4]. While
not explicitly concerned with 3D-stacked DRAM caches, Zhang et
al. considered large off-chip caches with the tags stored along with
the data in the off-chip cache, and then used a small on-chip tag
cache [31]. For workloads with large working sets, the tag cache
will suffer from capacity problems. Other works have considered
replacement policies for large DRAM caches [23] and the refresh
implications of placing the DRAM cache on top of a hot processor
chip [24], but these works do not deal with the tag management
problems addressed by our work.
Sector or sub-block caches associate a tag with the data with a
power of two number of cachelines [13, 20]. Seznec’s decoupled
sector cache allows a few tags (often two) to be associated with the
same data storage to reduce fragmentation, especially with directmapped data arrays [32]. The MissMap goes much further, often
associating a tag with 64 cache lines. Rothman and Smith’s pool of
subsectors approach has structural similarities to the MissMap [33].
The pool of subsectors uses a number of sectors with fewer cache
lines (subsectors) than necessary to cache all of the data corresponding to all of the subsectors. Each sector maintains one hardware pointer per subsector to indicate the physical location of the
allocated cache line (null pointer if the subsector is not cached).
The MissMap is structurally different in that it uses simpler bit vectors rather than hardware pointers, which is enabled by the observation that tracking cache content versus content location can be
decoupled. Despite any structural similarities with the decoupled
sector cache and pool of subsectors, the MissMap is fundamentally
different because it fulfills a different functional purpose: avoiding
unnecessary stacked DRAM cache accesses.
Beyond die-stacking research, past work has proposed hardware
mechanisms with similarities to our MissMap. Most of these related works have employed bit-vector style tracking for filtering
purposes. Lin et al. use a “density vector” to suppress prefetch requests that are unlikely to be useful [34]. In Moshovos et al.’s Jetty
work, they proposed one version (vector-exclude-jetty) that uses a
small bit vector to represent short (4-8) contiguous sequences of
memory blocks [35]. Jetty allows the coherence system to avoid
some unnecessary cache snoops; our MissMap differs in that we
maintain precise tracking of cache contents whereas Jetty only provides a prediction (but Jetty is also smaller). Cantin et al. proposed
“region coherence” for a similar goal of reducing unnecessary coherence traffic between cores [36]. Their region coherence array
(RCA) has some operational similarities with the MissMap, in particular the requirement of cache evictions when a MissMap/RCA
entry gets evicted. Even though our implementation of the MissMap
shares a lot of structural similarities with these and other works, the
important insight used in this work is that the problem of tracking
which blocks are in a cache can be separated from the problem of
finding these blocks. The MissMap is one possible mechanism that
leverages this observation to enable a scalable DRAM cache that
uses normal cacheline sizes.

7.

CONCLUSIONS

This work revisited the seemingly “bad” idea of storing tags along
with data in a DRAM-based 3D stacked cache supporting 64-byte
cachelines. By considering the actual operation of a DRAM device,
rather than abstracting it away as a constant-latency delay, we show
that scheduling DRAM-cache tag and data lookups as compound
accesses can make this tags-in-DRAM cache organization practical. Furthermore, by decoupling the problem of tracking which
cache lines are resident in the DRAM cache from the problem of
tracking where in the cache these lines can be found, the MissMap
allows us to compactly track a very large amount of memory. The
combination of these two techniques delivers an overall DRAM
cache architecture that provides a substantial fraction of the performance benefit only attainable by an ideal DRAM cache assisted
with an impractically large SRAM tag array.
In the longer term, operating system-visible memory is probably
still desirable. Many (non-server) applications have memory footprints that fit within the capacity of a stacked DRAM, so it would
be simpler to directly map all of that program’s memory directly
into the stacked DRAM from the start of execution. This avoids the
need to track the program to determine hot pages, and it also avoids
the problems associated with caches (i.e., tag overheads, and transferring data from off-chip to the stacked DRAM and back).
Even for applications with working sets that do not fit in the
stacked DRAM, there exists significant higher-level information
(application-level) that can be leveraged to select the subset of memory that should be mapped to the stacked DRAM. Implementing
this requires many changes throughout the software stack (operating systems, compilers, runtime, and/or the user applications themselves), and these changes take time. Such software-exposed stacked
memory may start in the embedded and mobile domains where
companies can own, control, and co-optimize the entire hardwaresoftware stack. Until this happens in the high-performance domain,
however, stacked DRAM will likely need to be deployed as a cache,
and this work provides a reasonable way forward.
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