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Abstract—Although emerging non-volatile memories (NVMs) have been comprehensively studied to design next-generation memory

systems, the symmetry of the crossbar structure adopted by most NVMs has not been addressed. In this work, we argue that

crossbar-based NVMs can enable dual-addressing memory architecture, i.e., RC-NVM, to support both row- and column-oriented

memory accesses for workloads with different access patterns. Through circuit-level analysis, we first prove that such a

dual-addressing architecture is only practical with crossbar-based NVMs rather than DRAM. Then, we introduce the RC-NVM

architecture from bank, chip and module levels, and propose RC-NVM aware memory controller. We also address the challenges to

implement the end-to-end RC-NVM system. Especially, we design a novel protocol to solve the cache synonym problem with very little

overhead. Finally, we introduce the deployment of RC-NVM for in-memory databases (IMDBs) and evaluate its performance with

IMDBs and well-optimized general matrix multiply (GEMM) workloads. Experimental results show that with only 10 percent area

overhead 1) the memory access performance of IMDBs can be improved up to 14.5X, and 2) for GEMM, RC-NVM naturally supports

SIMD operations and outperforms the best tiled layout by 19 percent.

Index Terms—Non-volatile memory, crossbar, in-memory database, OLTP, OLAP

Ç

1 INTRODUCTION

EMERGING non-volatile memories (NVMs) have been
comprehensively studied to replace or complement

DRAM in next-generation memory systems. Prior works
mainly exploit the non-volatility, high storage density, and
low standby power of NVMs. Unlike DRAM, most NVMs
are based on simple two-terminal switching elements,
which can be fabricated in a crossbar structure [1]. This
structure not only minimizes the feature size of memory
cells maximizing the storage density, but also possesses the
symmetry property. However, there is still no work to

exploit the symmetry of the crossbar structure, which can
naturally enable dual-addressing memory architecture to
support both row and column memory accesses for work-
loads with different access patterns, especially hybrid OLTP
(on-line transactional processing) and OLAP (on-line ana-
lytical processing) in-memory databases (IMDBs). We here
take IMDBs as an example to illustrate the need for memory
to support both row and column accesses.

An IMDB is a database system that stores a significant part,
if not the entirety, of data inmainmemory to achieve high per-
formance. Compared with traditional disk-based databases,
which only buffer small portions of data in main memory, an
IMDB primarily relies on main memory for data storage. Con-
ventionally, database workloads are categorized into OLTP
and OLAP. OLTP workloads are characterized by a mix of
reads and writes to a few rows at a time, which are often
latency-critical. On the contrary, OLAP workloads are charac-
terized by bulk sequential scans spanning a few columns, such
as computing the sum of a specific column. These two kinds of
workloads are usually served by twodifferent types ofDBMSs,
i.e., transactional processing and data warehouse systems.
However, the explicit separation between OLTP and OLAP
workloads in IMDBs suffers from 1) the significant waste of
the precious memory capacity due to two copies of data resi-
dent in memory, and 2) the low data freshness for real-time
analysis due to the slow expensive extract-transform-load
(ETL) process between theOLTP andOLAPparts [2].

IMDBs with substantial performance improvement have
made it possible to process hybrid OLTP and OLAP
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workloads (referred to as OLXP [3]) in a single database.
However, different workloads require different data access
patterns and storage layouts in order to achieve good per-
formance [4]. The row-store layout works well for OLTP
workloads, while the column-store layout works well for
OLAP workloads. This is because OLTP workloads tend to
access most (if not all) of the fields of specific tuples in the
database, while OLAP workloads tend to access one or sev-
eral fields of a large number of tuples. Arulraj et al. [5] pro-
posed a hybrid layout to store hot and cold tuples in a table
with the row-/column-store layout respectively. However,
data reorganization is needed to dynamically adapt the stor-
age layout, which significantly increases the complexity of
the DBMS and degrades the overall performance. Ideally, if
the tables stored in memory can be accessed in both row
and column directions, IMDBs can naturally support both
OLTP and OLAP workloads without data reorganization.

Without any doubt, performance of an IMDB is quite sensi-
tive to the efficiency of accessing data in main memory. Thus,
how to optimize memory architecture to facilitate both row-
oriented and column-oriented data accesses has become a key
instrument in improving its performance. Recently, Seshadri
et al. proposed a technique called GS-DRAM [6] to accelerate
strided accesses by allowing the memory controller to access
multiple values of a strided access pattern from different
chips with a single read/write command. However, GS-
DRAM is not flexible enough since only power-of-2 strided
access patterns can be supported. Considering various tuples
in real IMDB tables and kinds of workloads accessing differ-
ent fields, the benefit of GS-DRAM will be significantly
degraded in real IMDB applications where various strided
access patterns coexist. In addition, the complexity increase
with the number of tables becausemultiple patternsmay exist
at the same time.

An ideal solution is to design novel memory architecture
to support both row-oriented and column-oriented accesses.
Chen et al. proposed dual-addressing DRAM, to which we
refer as RC-DRAM throughout the remainder of this work,
to enable DRAM to support both row-oriented and column-
oriented memory accesses [7]. In RC-DRAM, two transistors
and one capacitor are employed to store a single bit of data,
in contrast to the common single-transistor-single-capacity
DRAM cell. Moreover, one extra pair of wordline and bit-
line per cell is added to support the column-oriented access.
In fact, DRAM cell arrays are the most area-consuming part
in DRAM chips. The modifications to DRAM arrays in RC-
DRAM lead to unacceptable area overhead, which signifi-
cantly diminishes the high density advantage of DRAM.
Therefore, the design of RC-DRAM is impractical for real
applications (see Section 3.4).

As promising candidates to replace or complement
DRAM, NVM-based main memory has been proposed to
utilized in many fields, including IMDBs [8] and scientific
applications [9]. Unlike DRAM, most NVMs are fabricated
in a symmetric crossbar structure, which can be exploited to
easily implement dual-addressing memory to support
both row-oriented and column-oriented accesses with
negligible area and latency overhead. Based on this obser-
vation, we design Row-Column-NVM (RC-NVM) archi-
tecture that leverages the symmetry of crossbar-based
NVMs to support both row-oriented and column-oriented

memory accesses. Contributions of this work are summa-
rized as follows:

� We propose RC-NVM, a novel memory architecture
that exploits the symmetric crossbar structure to sup-
port both row- and column-oriented accesses. We
extend the traditional memory controller to work for
RC-NVM.

� We address the challenges in implementing an end-
to-end RC-NVM system, including ISA, system and
software support. Especially, we propose a novel
cache architecture to solve the cache synonym issue
with very little overhead.

� We introduce the deployment of RC-NVM for
IMDBs and propose group caching technique that
combines the IMDB knowledge with the memory
architecture to further optimize the system.

� We present the benefits of RC-NVM by evaluating
its performance with an OLXP benchmark and a
well-optimized general matrix multiply (GEMM)
workload. Experimental results show that with only
10 percent area overhead 1) for IMDBs, the memory
access performance can be improved up to 14.5X,
and 2) for GEMM, RC-NVM naturally supports
SIMD operations and outperforms the best tiled
layout by 19 percent.

The rest of this paper is organized as follows. We intro-
duce the background and motivation in Section 2. The RC-
NVM architecture and end-to-end RC-NVM system design
are introduced in Sections 3 and 4. Section 5 discusses the
deployment of RC-NVM for hybrid OLTP and OLAP
IMDBs. Evaluation methods and results are presented in
Section 6. We introduce related work in Section 7, followed
by the summary in Section 8.

2 BACKGROUND AND MOTIVATION

We begin with a review of the data layout issues of IMDBs
to address the difference between OLTP and OLAP access
patterns. Then, we present existing RC-DRAM design and
argue that it is impractical due to high area overhead.
Finally, we take crossbar-based RRAM as an example to
show the potential of RC-NVM design.

2.1 Data Layout Issue of OLXP DBMSs

Relational databases organize data into two-dimensional
tables with rows (i.e tuples) and columns (i.e., fields).
Although DRAMmodules consist of two-dimensional capac-
itor arrays with wordlines and bitlines, they only support
row-orientated accesses. Therefore, from the perspective of
operating systems and applications, main memory is a linear
address space starting at zero. NVM-based main memo-
ries [10], [11] also follow the basic design of single-addressing
architecture. The database storagemanager must decide how
to map the two-dimensional table structures to the linear
memory address space.

Most OLTP DBMSs employ the row-store layout. In this
case, all fields of a tuple are stored consecutively in mem-
ory. Two totally different access patterns from OLTP and
OLAP workloads respectively are illustrated in Fig. 1. The
upper half shows a typical OLTP transaction that accesses a
single tuple, while the lower half demonstrates an OLAP
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query that scans two fields of all tuples. The row-store lay-
out works well for OLTP workloads, while it is inefficient
for OLAP workloads. Since row-store DBMSs unnecessarily
access fields that are not needed when executing OLAP
queries, this results in the waste of precious cache space
and memory bandwidth resources.

An alternative approach, column-store layout, stores a
single field of all tuples in a table contiguously. This storage
layout works well for column-oriented accesses in OLAP
workloads, like performing an aggregate calculation on a
specific field. However, it is not ideal for write-heavy OLTP
workloads. Currently, the row-store layout is widely used
for OLTP DBMSs, while the column-store layout is widely
utilized in OLAP scenarios like data warehouses.

Arulraj et al. [5] proposed the hybrid layout, which com-
bines both the row-store and column-store layouts. In
essence, hot tuples in a table employ the row-store layout
for OLTP transactions, while colder tuples in the same table
are stored in the format ideal for OLAP queries. A logical
abstraction over this hybrid data layout allows a single exe-
cution engine to support hybrid workloads. However, this
design increases the complexity of the DBMS and degrades
the overall performance due to the additional overhead
needed to transfer tuples between two different formats
and maintain the consistency of the whole table.

2.2 Crossbar Structure of NVMs

Most of the emerging NVMs are based on simple two-termi-
nal switching elements, such as MRAM, RRAM, PCM and
3D XPoint. To integrate NVM cells into a memory array,
there are two type of architectures. The first one is one-
transistor and one resistor (1T1R), where each NVM cell is
in series with a cell selection transistor, which is used to iso-
late the selected cell from other unselected cells. The second
architecture is the crossbar array, which consists of word-
lines and bitlines perpendicular to each other with NVM
cells located at the intersections. The crossbar array in prin-
ciple can achieve 4F 2 cell area, which has higher integration
density than the 1T1R array. Furthermore, the crossbar
architecture allows 3D stacking of multiple memory array
layers, increasing the effective density further.

Emerging non-volatile memory technologies have been
comprehensively studied to implement next-generation per-
sistent memory systems. However, prior works neglected
the symmetry of the crossbar structure, which can be
exploited to easily implement dual-addressing memories. In

this section, we take RRAM as an example to explain why
crossbar-basedNVMs are feasible for dual-addressingmem-
ory design. The similar design can be extended to other
crossbar-based NVM technologies, such as MRAM [12], [13],
PCM [14] and 3DXPoint [15], [16].

An example of 4� 4 crossbar array of RRAM is depicted
in Fig. 2a. The crossbar array is consisted of crossing word-
lines and bitlines. Each RRAM cell lies at the intersections
of wordlines (WLs) and bitlines (BLs). Without access tran-
sistors, these cells are directly interconnected to WLs and
BLs via top and bottom electrodes. Read and write opera-
tions can be performed by activating WLs and BLs with par-
ticular voltages.

To read out a row from the array, the target WL will be
driven to read voltage VRead. Other WLs are set to the read
reference voltage VRef . By keeping the voltage of BLs being
VRef with current sensing amplifiers, the voltage across the
unselected RRAM cells is equal to zero. Thus, data of the
target row can be read out by sensing the pass-through cur-
rent ISense on each BL as shown in Fig. 2a. Since WLs and
BLs are symmetric in such a crossbar array, reading out a
column can be realized by simply exchanging operations on
WLs and BLs as shown in Fig. 2b.

The write operation requires two steps, RESET and SET.
The RESET phase writes “0”s, while the SET phase writes
“1”s. Since the only difference between RESET and SET is
the polarity of voltages applied across target cells, we here
take the SET operation as an example to illustrate row and
column write operations in the crossbar array. Fig. 2c shows
how to SET two cells on the first row. The target wordline
WL0 is set to VS , and the corresponding bitlines (i.e., BL0

and BL2) are set to GND. At the same time, all other WLs
and BLs are half biased at VS=2. Therefore, the write voltage
VS is fully applied across the target cells. In this way, the
two target cells on WL0 will be set to “1”.

Similarly, to set cells on a column can be easily imple-
mented by control the voltages of wordlines and bitlines.
As shown in Fig. 2d, the corresponding wordlines WL0 and
WL2 are set to VS , and the target bitline BL0 is set to GND.
All other wordlines and bitlines are half biased at VS=2.

Fig. 1. Access patterns of OLTP & OLAP workloads.

Fig. 2. (a) Read a row in a 4� 4 ReRAM crossbar arry, (b) Read a col-
umn, (b) SET two cells on a row and (c) SET two cells on a column.
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A key observation is that there is no change required to a
crossbar array to enable both row and column accesses
because of the symmetry of the RRAM crossbar array. Thus,
compared to RC-DRAM, we can implement the RC-NVM
design with very little area overhead. Note that RC-NVM is
also feasible for crossbar arrays with specific selectors (e.g.,
FAST selector for RRAM [17] andOTS selector for PCM [18]).

3 THE RC-NVM ARCHITECTURE

We first introduce the physical/logic bank and module
architecture of RC-NVM. Especially, we propose peripheral
circuitry sharing mechanism to minimize the area overhead.
Then, we evaluate the area and latency overhead of RC-
NVM. Finally, we introduce the design of RC-NVM aware
memory controller.

3.1 RC-NVM Bank

Fig. 3a shows the schematic view of an RC-NVM bank in a
chip. Leaving the RRAM array (i.e., mat) unchanged, extra
peripheral circuitry is added to support both row-oriented
and column-oriented accesses in the same bank. Both WLs
and BLs are connected with dedicated decoder, sense ampli-
fier (SA) and write driver (WD) as shown in Fig. 3b. The con-
nection is controlled by multiplexers (MUXs) and control
signals from the memory controller. In addition to the exist-
ing row buffer, a column buffer is deployed to buffer col-
umn-oriented data. A set of adjacent mats in a bank is
organized into a single entity called subarray. A bank contains
multiple subarrays which can provide some parallelism
within the same bank, especially in RC-NVMbasedmemory.

Similar to traditional DRAM and NVM, a logic bank con-
sists of a set of banks from every chip in a rank, which are
operated in lockstep. Fig. 4 shows a logical abstraction of a
logic bank. A logic subarray in the logic bank is the basic
access unit of both row-oriented and column-oriented
accesses. In RC-NVM, the minimum directionless granular-
ity is 8 bytes, which are exactly the data transfered synony-
mously on a 64-bit memory bus. Therefore, this 8 bytes
comes from 8 chips, each of which provides 8 bits from eight
independent mats located in a subarray. Then, a typical
row-oriented (column-oriented) 64-byte cache line is com-
posed of eight 8-byte units on a row (column) in a logic sub-
array as shown in the upper left corner of Fig. 4.

As we can see in Fig. 4, the data on the intersection of the
row and columnmay be duplicated in both row and column
buffer. This data duplication can incur coherence issue if the
data is modified in one buffer while the other is not updated.
To address this issue, we restrict that the row and column
buffer cannot be activated for the same subarray simulta-
neously. If a switch between row and column accesses in a
subarray occurs, the memory controller needs to first pre-
charge the active buffer and flush the data back, and then
activates the other buffer. In this way, RC-NVM solves the
data coherence problem at the cost of some parallelism in the
same subarray. However, our experimental results show
that the design performswell and the impact is marginal.

We take a row-oriented read operation as an example to
explain how addressing is done in RC-NVM. A column
read operation has the same flow. Given an access address,
the global row decoder does the partial decoding to assert a
single global word line (GWL). Then, the local row decoder
eventually generates 1-hot signal to assert the local WL
(LWL). After that, the column decoder selects the target
local bit lines (LBL) and the cells on selected LBL are sensed
out. Finally, SAs deliver the data to the row buffer through
data lines (DL). Such hierarchical decoding structure can
effectively reduce the decoding delay and power consump-
tion when the RC-NVM scales up.

3.2 Sharing of Peripheral Circuitry

In fact, since only a single row/column access is serviced in
a subarray at any time, two adjacent mats on a row/column
can share the SA and WD between them as shown in the
Fig. 3a. This can reduce the area overhead of RC-NVM.

In DRAM, a row buffer is comprised of a row of sense
amplifiers, which both sense and buffer data. In NVMs,
however, sense amplifiers and latches are kept separately,
which allows the decoder and multiplexer to be placed
before the row buffer [10], as shown in Fig. 3. This gives an
opportunity to share buffers among banks. To further
reduce area overhead, adjacent banks in a chip can share

Fig. 3. RC-NVM bank: (a) Schematic view of an RC-NVM bank; (b) Mat
organization. (GWL: global wordline; LWL: local wordline; LBL: local bit-
line; DL: dataline).

Fig. 4. A logic bank across all 8 chips in a rank.
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row and column buffers as shown in Fig. 5. Two banks in a
row/column compete with each other for the column/row
buffer located between them, while two banks in a diagonal
have their own row and column buffer, like Bank 1 and
Bank4. Considering adjacent data tend to have the same
access pattern in terms of orientation, we arrange two banks
in a diagonal successively in the address space. With this
address mapping scheme and access-pattern-aware mem-
ory allocation, the buffer conflict between banks can be min-
imized to guarantee the bank parallelism.

3.3 RC-NVM Module

The basic overall architecture of an RC-NVMmodule is sim-
ilar to a traditional RRAM and DRAM design. It is also
organized hierarchically as channel, rank, bank, subarray as
shown in Fig. 6.

In this example, there are two ranks on an RC-NVM
module. Each rank is composed of eight chips, which work
together to form a 64-bit memory bus. In each chip, multiple
RC-NVM memory mats are grouped as subarrays to sup-
port both row-oriented and column-oriented accesses.

Similar to traditional DRAM modules, the most common
error correcting code (ECC), a single-error correction and
double-error detection (SECDED) Hamming code can be
easily deployed by adding one extra chip per rank, which
stores the parity bits. Note that the granularity of ECC is the
basic access unit (i.e., 8 bytes) of RC-NVM.

3.4 Area and Latency Overhead

The comparison of area overhead between RC-DRAM and
RC-NVM is given in Fig. 7.X-axis shows numbers ofWL/BL

in a single memory array, which represents different array
sizes. Y -axis shows the area overhead of RC-DRAM and RC-
NVM over traditional DRAM and NVM, respectively. The
device level parameters of RRAM are from the Panasonic’s
prototype [19]. The DRAM is modeled based on the parame-
ters fromMicron’s DDR3 technical specifications [20].

Fig. 7 shows that the RC-DRAMalways induces significant
area overhead (more than 2X) over the original DRAM. The
area overhead is proportional to the number of WL/BL in an
array. Therefore, RC-DRAM is not a practical design. On the
contrary, the overhead of RC-NVM ismuch lower. Compared
to RRAM, the proposed RC-NVM only requires extra periph-
eral circuitry while the cell arrays are intact. Thus, the over-
head decreases as the size of the arrays increases. As shown
in Fig. 7, the overhead drops to 10 percent when the number
of WL/BL is 512. Therefore, RC-NVM becomes more attrac-
tivewith larger array sizes.

Extra peripheral circuitry also induces latency overhead
mainly from wire routing. Since more multiplexing transis-
tors are added to the critical path, the read and write latency
increase. The latency overhead of multiplexers, however, is
trivial because the majority of access latency comes from the
cell access and wiring delay. To quantify the latency over-
head, we run SPICE simulation and the results are pre-
sented in Fig. 8. The latency overhead for RC-NVM is
moderate. When the number of WL/BL is 512, the timing
overhead is just about 15 percent.

3.5 Memory Requests Scheduling for RC-NVM

To maximize RC-NVM performance, the memory control-
ler, which is responsible for scheduling memory requests,
need to be adjusted to exploit extra peripheral circuitry,
especially column buffers. To exploit extra column buffers,
different subarrays in a bank can be activated to serve row
and column requests simultaneously. In addition, the mem-
ory scheduler should avoid issuing row and column
accesses to the same subarray simultaneously to avoid data
synonym problem.

In this section, we extend traditional memory controllers
to exploit characteristics of RC-NVM. A memory controller
consists of a memory request buffer and a scheduler that
chooses the next request to be serviced. Fig. 9 shows the
main architecture of a simple but representative memory
scheduler (without gray parts).

Fig. 5. RC-NVM chip design.

Fig. 6. Overall architecture of an RC-NVMmodule.

Fig. 7. Area overhead of RC-DRAM and RC-NVM.

Fig. 8. Latency overhead of RC-NVM.
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As memory requests arrive, they are resolved and buff-
ered in queues with following fields: valid (V), read/write
(R/W), address (Row and Col), data, and state (i.e., age of
requests) for scheduling policies. Typically, each bank has a
separated queue. The scheduler consists of two level arbit-
ers. Each bank has a precharge manager and an activation
arbiter. A single read/write arbiter is shared by all banks.
The precharge managers, activation arbiters and read/write
arbiter send their selected operations to a single address
arbiter which grants the shared address resources to one of
those operations. These arbiters can adopt different policies
to implement different scheduling policies. For common
FR-FCFS [21], the address arbiter prioritizes operations
from read/write arbiter over others, while the activation
arbiters and read/write arbiter all use ordered priority
scheduling, in which older requests are given higher prior-
ity. The precharge managers use open policy, in which a
bank is precharged only if there is no pending reference to
the active row and there are pending references to other
rows in the bank.

To support RC-NVM requests scheduling, three new
fields, orientation (O), bank ID (Bank) and subarray ID (Sub-
ary), are added in queues as shown in Fig. 9. The orientation
is used to distinguish row and column requests. Instead of
one queue per bank, a set of banks (four adjacent banks as
shown in Fig. 5) sharing row/column buffers are grouped
together to coordinate requests scheduling. Therefore, a
bank ID is needed to identify the target bank in the bank
group. The target subarray in the bank is recorded by the
subarray ID. Similar to traditional bank conflicts, when two
requests come to the same subarray, they have to be served
sequentially, which is called subarray conflicts.

A memory command for a request is ready to schedule
only if its scheduling does not violate the timing and
resource constraints, including bank and address/data/
command bus. Different from the integration of row buffer
with a bank in traditional memories, the row/column buf-
fers are decoupled from banks and shared between adjacent
banks in RC-NVM. Therefore, when a request is scheduled,
its corresponding row/column buffer should be vacant.

Modern memory controllers usually prioritize buffer-hit
requests over other requests to exploit buffer locality. For
RC-NVM, with the knowledge of both the activated row and
column, both row-hit and column-hit requests from different
banks can be identified and issued from read/write arbiter.

To simplify the control logic, we treat row and column
accesses to the same subarray as regular subarray conflicts.
In this way, the data synonym problem in a subarray can be

solved by serializing all row- and column-oriented accesses
to the same subarray.

4 END-TO-END RC-NVM SYSTEM DESIGN

In this section, we address the challenges to enable both
row- and column-oriented accesses for applications. First,
two new instructions are introduced to exploit the column-
oriented accesses. Second, the memory controller provides
separate addressing mappings for each type of access.
Third, an application should be aware of the configuration
of RC-NVM and explicitly control data layout in RC-NVM.
Last but not least, the cache architecture should be modified
to work for RC-NVM.

4.1 ISA Support

In order to allow applications to exploit column-oriented
accesses, we introduce two new instructions, called cload
and cstore. The details of these two instructions are shown
as follows:

cloadreg; caddrcstorereg; caddr

where reg is the destination register, caddr is the column-
oriented address of the data.

The execution of cload/cstore follows the same process as
traditional load/store. If a access hits in the on-chip cache, the
data is sent to the processor. Otherwise, the access reaches
the memory controller. Column-oriented accesses are recog-
nized and resolved by the memory controller, and sent to
RC-NVM modules with an additional column-oriented
signal. Similar to prior works, this can be implemented by
leveraging DDR interface. For example, DDR4 has two
reserved address pins, thereby one of them can be used to
send this signal [6], [22]. Since traditional row-oriented
accesses are still supported by load and store instructions,
traditional applications do not need to bemodified.

4.2 Address Mappings

The memory controller needs to support separate address-
ing mappings for two different accesses. Fig. 10 shows
row-/column-oriented address mappings for the same data
in RC-NVM. Fig. 10a is a typical row-oriented address for a
32-bit conventional main memory. Fig. 10b demonstrates
the corresponding column-oriented address. For the same
data (location) in RC-NVM, the only difference is the order
of the row bits and column bits in the total 32-bit address.
Thus, it is convenient to convert a row-oriented address to
its corresponding column-oriented address and vice versa.

Fig. 9. Memory requests scheduler architecture (the gray parts are extensions for RC-NVM).
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It is easy to find that, when the row-oriented address is
increased, the column bit is increased. It represents the case
of scanning on a physical row. Similarly, for a column-
oriented address, increasing the address represents the case
of scanning a column.

4.3 Explicit Data Layout Control

To utilize RC-NVM, an application should be aware of the
configuration of RC-NVM and explicitly control data layout
in RC-NVM, which is similar to traditional databases using
raw disks directly and enabling them to manage how data
is stored and cached. In order to explicitly control physical
data layout in RC-NVM, the application can leverage the
huge-page technique provided by mainstream operating sys-
tems [23], which has been supported in modern processors.
By using huge-page, the memory page size is set to 1 GB.
Within each huge page, the lower 30 bits of a virtual address
and the corresponding physical address are exactly the
same. Increasing the memory page size could also reduce
the number of TLB misses and improve the performance,
which is already used in commercial databases [24].

As discussed in Section 3.1, the basic access unit is a subar-
ray for both row-oriented and column-oriented accesses.
Thus, given the address mapping in Fig. 10, the application
can explicitly control the data to be accessed in each row-/col-
umn-oriented access. Obviously, as long as the subarray bits,
which include the row and column bits, are allocated inside the
30 least significant bits, the application can always explicitly
control the data to be accessed. This is practical because the
size of a subarray is normally less than 1 GB. Similarly, it also
works with the 64-bit memory address. In this work, we use
the 32-bitmemory address to simplify the discussion.

In real cases, when a computer system with RC-NVM is
powered on, the physical geometry information of the
equipped RC-NVM, such as the row and column size, is
reported to BIOS by the memory controller. The application
can access these information with the help of the operating
system. Then the data layout can be carefully organized to
facilitate the row-/column-oriented accesses.

4.4 Cache Architecture for RC-NVM

In this section, we focus on modifications of the cache archi-
tecture to make it work with RC-NVM. First, we introduce
how to cache data with two different addresses. Then, we
discuss how to solve the data synonym problem in single-
core and multi-core scenarios. Finally, we propose elabo-
rated circuitry to check crossing cachelines in parallel.

4.4.1 Caching Data with Dual Addresses

Since data in RC-NVM can be accessed with two different
addresses, two copies of every 8 bytes may exist in the cache

simultaneously. In order to differentiate these two versions,
one extra orientation bit per cache line is added as shown in
Fig. 11c. When data are loaded into cache with row-oriented
addresses, this bit is set to ‘0’, otherwise it is set to ‘1’.

As shown in the example of Fig. 11a, the 8-byte data can
be accessed with 0x0000e030 (column-oriented address)
and 0x0000c038 (row-oriented address). When the data
are accessed with the column-oriented address, they are
loaded into the cache together with other 56-byte data in the
same column. As shown in Fig. 11b, the cacheline is placed
in the corresponding cache entry and the orientation bit is
set to ‘1’. Similarly, when accessed with the row-oriented
address, they are loaded into the cache together with other
56-byte data in the same row. The cacheline is placed in the
proper place based on the row-oriented address with the
orientation bit set to ‘0’.

4.4.2 Cache Synonym in a Single-Core Processor

As shown in the previous example, every 8 bytes may have
two copies in the cache with row- and column-oriented
addresses. This will result in the data synonym problem,
which should be resolved to guarantee data consistency.
RC-DRAM proposes to solve the problem by separating the
cache into two parts and employing a WURF cache coher-
ence policy [7]. In this work, instead of partitioning the
cache into two parts, we add one extra status bit for each 8
bytes (i.e., the granularity of data synonym) to indicate
whether its duplicated copy is cached in the cache. Thus,
for a 64-byte cache block, 8 extra status bits are needed,
called crossing bits as shown in Fig. 11c. Note that each 8-
byte granularity lies in two cache blocks at most due to the
cacheline alignment of memory accesses.

The basic idea of solving synonym is to keep duplicated
data updated at the same time. Extra operations are
required for data replacement, write, and write-back opera-
tions, which are listed as follows,

� When a cache block is loaded into the cache, the
cache controller needs to check all potential cache
blocks that may cross with this one whether exist
in the cache. For example, in Fig. 11a, a 64-byte
row-oriented cache block may be crossed with 8 col-
umn-oriented cache blocks in the same logic subarray.
Thus, when a row-oriented cache block is loaded into
the cache, 8 column-oriented cache blocks are checked.

Fig. 10. Address mappings for (a) Row-oriented and (b) Column-oriented
accesses.

Fig. 11. Illustration of cache architecture for RC-NVM. (a) Data with two
addresses in a subarray; (b) Cache blocks in the cache; (c) Extra orien-
tation bit and crossing bits per cache block.
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If any of these 8 column-oriented cache blocks exists in
the cache, the crossed region (i.e., 8-byte data) are cop-
ied from the column-oriented cache block to the row-
oriented cache block so that duplicated data remain
the same. At the same time, the corresponding cross-
ing bits are set to ‘1’. The status of the cache in this
example is shown in Fig. 11b.

� When a cache block is written back due to eviction,
the crossing bits of its crossed cache blocks are
reset to ‘0’.

� When a cache block is updated in a write operation,
if the crossing bit of the modified 8-byte data is equal
to ‘1’, the corresponding duplicated data in the
crossed cache block are updated at the same time.

4.4.3 Solving Cache Synonym and Coherence Issues

In a multi-core processor, the cache synonym problem also
exists as well as the traditional cache coherence issues. These
problems can be easily solved by handling these two issues
separately in a specific order. The basic rule is: cache synonym
is always solved first, then cache coherence protocols are applied.

The idea of solving cache synonym problem in a multi-
core processor is similar to that in a single-core case. We
need to keep duplicated data updated at the same time.
Note that the crossing bits are still required. For example,
these bits are stored in the cache directory, if a directory
based coherence mechanism is employed. Thus, whenever
a write operation happens, the crossed cache blocks are
updated accordingly.

After that, cache coherence protocols start to work to
keep consistent in multiple cores and memory levels. Note
that the cache coherence operations only involve the cache
blocks in the same address space (either row-oriented or
column-oriented). They will not cause further cache syno-
nym problems. Note that there is no change to the existing
cache coherence protocols.

4.4.4 Checking Crossing Cachelines

We can find that in the proposed cache synonym solving
protocol, there is no extra overhead for a cache read opera-
tion. The overhead of a write operation is moderate. Sub-
stantial extra overhead is induced in data replacement,
since every row-oriented (column-oriented) load from RC-
NVM will trigger 8 checks for potential column-oriented
(row-oriented) cache blocks. To reduce check overhead, we
propose a parallel check mechanism.

In this example, we have a LLC with the following con-
figuration: 8 MB cache size , 64-byte cache block, and 8-way

set associativity. It has the same configuration with our eval-
uation system in Section 6. The 32-bit physical address is
divided into two fields: the 6-bit block offset and the 26-bit
block address (26 ¼ 64 and 32� 6 ¼ 26). The block address
is comprised of index and tag fields. The index can be calcu-
lated as follows:

2Index ¼ Cache size

Block size� Set associativity
¼ 8M

64� 8
¼ 214:

Hence, the index is 14 bits wide, and the tag is 26� 14 or 12
bits wide. For a row-oriented address shown in Fig. 10a, we
assign the 7 most significant bits of the row and column bits
to the index, the 9-bit RSBC part (i.e., the combination of
Rank, Subarray, Bank and Channel bits) and 3 least signifi-
cant bits of the row bits to the tag, and 3 least significant bits
of the column bits and the 3-bit intra-bus address to the
block offset, as shown in Fig. 12. Note that the HighR and
HighC parts are swapped in column-oriented address map-
ping to keep the same order with row-oriented address
mapping. With this address mapping scheme, all potential
blocks that may cross with a particular cache block will be
cached in the same set due to the same index.

Given a cache block address A and its orientation O, the
checking of all 8 potential cache blocks can be finished in
three steps as shown in Fig. 13. First, the 14-bit index is used
to locate the target set, labeled as �1. Then, all 8 cache blocks
in the set are checked in parallel. Any cache block is identi-
fied as a crossed block only if it meets the following three
requirements: 1) the valid bit is set, 2) the XOR of its orienta-
tion bit and O is ’1’, 3) the 9 most significant bits of its tag
are equal to the RSBC part of A, labeled as �2. Finally, for
crossed blocks, the crossing bits are set based on the decod-
ing results of the 3 least significant bits of the tags, labeled
as �3. Note that the circuitry in step 1 and 2 can be partially
shared with existing cache lookup operations.

5 RC-NVM DEPLOYMENT FOR IMDBS

In this section, we discuss the deployment of RC-NVM for
hybrid OLTP and OLAP IMDBs. First, we introduce the
placement of IMDB tables in RC-NVM. Then, we present

Fig. 12. Physical address mapping in caches.

Fig. 13. Checking potential crossed cache blocks.
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basic usage of RC-NVM with representative query exam-
ples. Finally, we propose group caching technique to solve
the problem of wide-field and multi-field accesses.

5.1 IMDB Tables Layout in RC-NVM

As we addressed in Section 4.3, applications can explicitly
control physical data layout in RC-NVM to facilitate data
accesses. Thus, we can enable more flexible data placement
in RC-NVM. The goal is to store IMDB tables efficiently. In
this section, we first introduce how to divide a table into
small chunks. Then, we discuss how to place these chunks
into RC-NVM.

5.1.1 Dividing a Table into Chunks

Since tables in IMDBs are usually very large, we need to
divide them into multiple data chunks before placement.
This is a common technique in database management sys-
tems to store large tables [25]. In this work, a chunk is
defined as a rectangle unit of data that can be fit into a sub-
array of RC-NVM. In other words, a table is divided into
chunks when its size is larger than a subarray (i.e., 8 MB in
this work) or the tuple size is larger than the row size of the
subarray (i.e., 8 KB in this work). After a table is divided,
we need to handle intra-chunk and inter-chunk data layout.

5.1.2 Intra-Chunk Data Layout

We present two types of intra-chunk data layouts, i.e., row-
oriented layout and column-oriented layout. They are
friendly to row-oriented accesses and column-oriented
accesses, respectively.

A straightforward row-oriented data layout in a subarray
is illustrated in Fig. 14a. Apparently, with such a data lay-
out, tuples in the table are consecutively stored in the row
direction. At the same time, their row-oriented addresses
are also continuous according to the addressing method in
Fig. 10, which is similar to the data layout in traditional
main memory. Consequently, it is suitable to traditional
IMDBs. With this data layout, row-oriented accesses will
achieve the maximum efficiency.

On the other hand, it is easy to understand such a row-
oriented data layout is inefficient for column-oriented data
accesses, since column-oriented accesses will suffer from
more column buffer switchings unless we do not care the
access order within each field. To mitigate this problem, we
further propose another column-oriented data layout, as
shown in Fig. 14b. Tuples are continuously placed in the
vertical direction in a subarray. Thus, it is convenient to
load the same field of multiple successive tuples with a sin-
gle column-oriented access. In addition, we will propose a

dedicated data access optimization technique for the col-
umn-oriented data layout in Section 5.3 to further improve
its efficiency for OLXP.

5.1.3 Inter-Chunk Data Layout

At the beginning, all subarrays are empty. Then, tables are
created and stored in run-time. Since all IMDB tables have
been sliced into chunks, we need to figure out run-time
placement policies to fit these chunks in subarrays of RC-
NVM. Since both row-oriented and column-oriented
accesses are supported, each chunk can be rotated before
being placed into a subarray. This is a typical problem of
“two-dimensional online bin packing with rotation”. Thus,
we use the algorithm in Fujita’s work to solve this prob-
lem [26]. The goal of this algorithm is to minimize the num-
ber of subarrays that are used. Please refer to this reference
for more details. Note that the placement of IMDB is fully
operated in software level (i.e., database memory allocator).
It does not require any extra hardware modification.

5.2 Basic Usage of RC-NVM

In this section, we use a simplified example to demonstrate
how to leverage both row- and column-oriented accesses in
RC-NVM. Fig. 15a illustrates the table used in this example. It
is comprised of 16 tuples, each ofwhich consists of four fields.
Note that, in order to differentiate a physical row in memory,
we use the term “tuple” to represent a row in an IMDB table.
To simplify the discussion, the size of all four fields is set
to 8 bytes. We assume that this table is stored in a 512-byte
RC-NVM subarray in a row-store layout, as illustrated in
Fig. 15b. Both the row and column buffer are set to 64 bytes.

Having this table in RC-NVM, we use two SQL queries to
illustrate how row- and column-oriented accesses work.
The first one is a typical OLTP query as shown in Fig. 16.
This query will retrieve all tuples that satisfy the condition
(f3 < ‘1234’). Obviously, it is convenient to complete this
SQL request with traditional row-oriented accesses. For
instance, the first memory request loads two tuples, T1 and
T2. Then, the field f3 in each tuple is read and compared.
Finally, data in T1 and T2 can be read out accordingly.

The second example for column-oriented accesses is listed
in Fig. 17. This typical OLAP query retrieves all f4 fields and
adds them up. If we still use the traditional row-oriented
access, all eight memory rows will be loaded sequentially to
access field f4 in each tuple. However, since we have sup-
ported column-oriented accesses in RC-NVM, this request is
simplified significantly with only two column-oriented
memory accesses to read out all fields required.

Fig. 14. Two types of data layouts: (a) Row-oriented layout and (b) Col-
umn-oriented layout.

Fig. 15. An example of IMDB table and its layout in RC-NVM.
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The third example uses both row- and column-oriented
accesses as shown in Fig. 18. This query selects certain
tuples whose field f10 is larger than a specific value. Only
a few tuples meet the condition. In RC-NVM, we can use
column-oriented accesses to scan the f10 column to check
whether the condition is met. If a candidate is found, then
the IMDB can issue a row-oriented access to retrieve the
tuple. In this case, the data transmitted on the memory bus
are all effective, thus the utilization of memory bandwidth
is significantly improved.

In the above examples, the size of all fields is 8 bytes
which is the same as the column access width. For various
non-unit fields, many software optimizations can be
exploited. Like the “struct” alignment mechanism in C pro-
gramming language, IMDBmay adjust the order of columns
and combine multiple columns with different widths to
align on the 8-byte boundary (e.g., 6 + 2, or 36 + 4), or just
leave hollows for padding to improve access efficiency.
IMDB can also pack them tightly to minimize storage space
at the cost of additional column accesses.

5.3 Group Caching

We observe that the efficiency of column-oriented accesses
is degraded when the data are required to be accessed with
a specific order. As introduced in Section 3.1, the data width
of a column-oriented access in RC-NVM is fixed (i.e., eight
bytes). However, the width of fields of an IMDB table vary
widely. This situation may degrade efficiency of memory

accesses, especially when a field width is larger than the col-
umn access width. Such a problem is called the wide-field
access in this study.

A wide-field access example is given in Fig. 19. In this
example, the Email field spanning two columns of RC-NVM
is indivisible. To get the whole Email field, every memory
access will trigger a column buffer replacement as shown in
Fig. 19a. Although the buffer hit rate is improved in column-
oriented accesses shown in Fig. 19b, only half of the field is
read out at first, which is meaningless for applications.

Similar to the wide-field access, a multiple-field access
example is shown in Fig. 20. This query needs to read a few
separate fields in a specific order. In this example, the col-
umn-oriented access is also inefficient for the similar reason.
Obviously, using column-oriented accesses can traverse
each field efficiently only if the field order of each tuple is
not required as shown in Fig. 20b. However, if the field
access order is strictly required, column-oriented accesses
are inefficient as shown in Fig. 20a. The reason is straightfor-
ward. Each memory access will generate a column-buffer
replacement. For instance, three extra column buffer repla-
cements occur in Fig. 20a. Basically, whenever such a
Z-style access order is required, the efficiency of column-
oriented accesses is degraded. Unfortunately, the row-
oriented access is also inefficient due to the waste of the
cache space and memory bandwidth.

In order to solve this problem, we propose a novel soft-
ware-based data caching technique called group caching. The
basic idea is to cache multiple columns of data as a group in
the cache for column-oriented accesses. Then the required
data can be accessed in any order with the help of the cache.
We modify the query optimizer of the IMDB, which con-
verts SQL statements into memory requests, to generate
group caching requests in advance, before the IMDB needs
to access a wide field, or several fields. After the data are
prefetched into the cache, the IMDB can access the cached
data in any order with column-oriented addresses.

One potential issue is unexpected cacheline evictions. The
cached data of one thread may be replaced by data retrieved
by other threads before they are really accessed, especially in

Fig. 16. An OLTP SQL example with row-oriented accesses.

Fig. 17. An OLAP SQL example with column-oriented accesses.

Fig. 18. An SQL example with both row-oriented and column-oriented
accesses.

Fig. 19. A wide-field example in column-oriented accesses.

Fig. 20. A multi-field example in column-oriented accesses.
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a multi-core environment. The cache-pinning [27] technique
is a solution for this problem. The basic idea is to pin the data
in the cache before they are accessed. We still use the wide-
field example to demonstrate how this techniqueworks.

As shown in Fig. 21, when the IMDB query planner needs
to retrieve a wide field, it will generate column group pre-
fetch requests to read each segment of the wide field. Then
the cachelines will be pinned (Step 1 and 2). After the data
are used by the IMDB in Step 3, these cachelines will be
unpinned. With the help of the group caching, data in a rect-
angle region can be accessed in either row-oriented or col-
umn-oriented way. For different shapes of the target data,
the query optimizer can select access methods (row- or col-
umn-oriented) to minimize the number of memory accesses.

Apparently, the efficiency of group caching is closely
related to the caching size. It is easy to understand that the
caching size should not exceed the physical cache size. Due
to the fact that group caching will also affect the cache miss
rates of other data accesses, the optimal group caching size
is not only related to the cache size but also depends on the
data access pattern. The performance of wide-field and
multi-field accesses with different group caching sizes is
evaluated in Fig. 30.

6 EVALUATION

In this section, we first introduce the experiment setup and
the workloads used for evaluations. Then, we evaluate the
performance of RC-NVM and compare it with conventional
RRAM and DRAM counterparts with different workloads.

6.1 Experiment Setup

We use a cycle-accurate memory simulator, NVMain [28]
integrated with gem5 [29] as our system simulator. We sim-
ulate an directory based MESI cache coherence protocol.
Based on the timing parameters of Panasonic’s RRAM
model [19], we modified NVMain to quantitatively evaluate
the performance of the proposed RC-NVM. We also choose
Micron’s DRAM [20] as a reference.

The system configuration is listed in Table 1. In the simu-
lated RC-NVM system, we have 2 channels, 4 ranks per
channel, 8 banks per rank, and 8 subarrays per bank. Each
subarray comprises 1024 rows and 1024 columns, which
support both row-oriented and column-oriented memory
accesses. The total capacity of the memory system is 4 GB.
This configuration exactly matches the address mapping
scheme shown in Fig. 10. The well-known FR-FCFS [21] is
used as our basic scheduling policy.

6.2 Workloads

As pointed out by prior work, there still lacks standard
OLXP benchmarks [5]. Therefore, we developed a synthetic
benchmark to represent common enterprise workloads.1

We first select a number of SQL queries to evaluate perfor-
mance of RC-NVM. They are typical queries that perform
transactional operations (OLTP-style), as well as more com-
plex, read-intensive aggregates on larger sets of data
(OLAP-style). These queries composing our benchmark are
listed in Table 2. Queries Q14 and Q15 are used to evaluate
the effect of the group caching technique. The tuples of
table-a and table-b have 16 and 20 fixed length (8-byte)
fields respectively, while five variant-length fields in the
tuples of table-c, as shown in Fig. 22.

6.3 Micro-benchmark Evaluation

Fig. 23 shows the performance results of RC-NVM, RRAM,
and DRAM with eight micro-benchmarks that retrieve the

Fig. 21. Illustration of group caching.

TABLE 1
Configuration of Simulated Systems

Processor 4 cores, x86, 2.0 GHz

L1 cache private, 64B cache line, 8-way associative, 32 KB

L2 cache private, 64B cache line, 8-way associative, 256 KB

L3 cache shared, 64B cache line, 8-way associative, 8 MB

Memory
controller

32 entry request queues per controller, FR-FCFS

DRAM DDR3-1333, tCAS: 10, tRCD: 9, tRP: 9, tRAS: 24,
Channels: 2, Ranks: 2, Banks: 8, Rows: 65536, Columns:
256, Row buffer size: 2048 B, Capacity: 4 GB, Access
time: 14 ns

RRAM LPDDR3-800, tCAS: 6, tRCD: 10, tRP: 1, tRAS: 0,
Channels: 2, Ranks 4, Banks: 8, Rows: 8192, Columns:
1024, Row buffer size: 8192 B, Capacity: 4 GB, Read
access time: 25 ns, Write pulse width: 10 ns

RC-NVM LPDDR3-800, tCAS: 6, tRCD: 12, tRP: 1, tRAS: 0,
Channels: 2, Ranks 4, Banks: 8, Rows: 8192, Columns:
1024, Row buffer size: 8192 B, Column buffer size: 8192
B, Capacity: 4 GB, Read access time: 29 ns, Write pulse
width: 15 ns, four 512 * 512 mats in a subarray

TABLE 2
Benchmark Queries

# SQL Statement

Q1 SELECT f3, f4 FROM table-a WHERE f10 > x

Q2 SELECT * FROM table-b WHERE f10 > x (Most of f10 is
NOT greater than x)

Q3 SELECT * FROM table-b WHERE f10 > x (Most of f10 is
greater than x)

Q4 SELECT SUM(f9) FROM table-a WHERE f10 > x

Q5 SELECT SUM(f9) FROM table-b WHERE f10 > x

Q6 SELECT AVG(f1) FROM table-a WHERE f10 > x

Q7 SELECT AVG(f1) FROM table-b WHERE f10 > x

Q8 SELECT table-a.f3, table-b.f4 FROM table-a,

table-b WHERE table-a.f1 > table-b.f1 AND

table-a.f9 = table-b.f9

Q9 SELECT table-a.f3, table-b.f4 FROM table-a,

table-b WHERE table-a.f9 = table-b.f9

Q10 SELECT f3, f4 FROM table-a WHERE f1 > x AND f9 < y

Q11 SELECT f3, f4 FROM table-a WHERE f1 > x AND f2 < y

Q12 UPDATE table-b SET f3 = x, f4 = y WHERE f10 = z

Q13 UPDATE table-b SET f9 = x WHERE f10 = y

Q14 SELECT SUM(f2_wide) FROM table-c (An OLAP query
to read wide field f2_wide)

Q15 SELECT f3, f6, f10 FROM table-a

1. We have open sourced the benchmark at https://github.com/
RCNVMBenchmark/RCNVMTrace.
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field f3 and f10 of all tuples in table-a. The table can be orga-
nized as row-oriented layout (labeled as L1) or column-ori-
ented layout (labeled as L2), as shown in Fig. 14. And there
are two access directions: row-oriented (labeled as row-read/
write) and column-oriented (labeled as col-read/write). For
the row-oriented access, to retrieve the field f3 and f10 of
each tuple needs to load the whole tuple frommemory due to
alignment restrictions, while the column-oriented access can
only get the desired two fields, which reduces the memory
access number significantly. For conventional RRAM and
DRAMdesigns, the row-oriented access is used for both direc-
tions. For RC-NVM, the row-oriented and column-oriented
access are used for different directions accordingly.

From the row-oriented access (the left 4 groups in
Fig. 23), we can find that RRAM is 35 percent slower than
DRAM, partially because RRAM can only work in a lower
operating frequency, as shown in Table 1. And RC-NVM is
4 percent slower than RRAM for the cache coherence over-
head. However, RC-NVM outperforms RRAM and DRAM
when the IMDB table is accessed in the column-oriented
direction. The execution time is reduced by 76 percent in
the row-oriented layout (L1) and 77 percent in the column-
oriented layout (L2) compared to DRAM. This demonstrates
the advantage of column-oriented accesses supported by
RC-NVM. Since RC-NVM performs better with the column-
oriented layout, we will choose the column-oriented layout
as the default to maximize the performance of RC-NVM in
the following experiments.

6.4 Queries Evaluation

Fig. 24 presents the execution time of the SQL-query bench-
mark set consisting of queries Q1 to Q13. Compared with
original RRAM and DRAM, the execution time of these
benchmark queries on RC-NVM is reduced by 71 and
67 percent on average, respectively. All these results show
similar trends, i.e., the performance of RC-NVM is better
than DRAM, and DRAM is faster than RRAM. There is only
one exception for query Q3, since Q3 is translated into
sequential row-oriented memory accesses, which are suit-
able for DRAM. Compared to RRAM and DRAM, the per-
formance of IMDB can be improved up to 14.5X and 13.3X
in the best case (Q6), respectively. Compared with GS-

DRAM [6], the performance is improved by 2.37x on
average. The reason of performance improvement with RC-
NVM can be explained by a combination of three factors.

First, by using both row-oriented and column-oriented
accesses, the total number of memory requests can be
greatly reduced. As shown in Fig. 25, the numbers of mem-
ory accesses of RRAM and DRAM in all 13 queries are the
same since they can only use traditional row-oriented mem-
ory accesses. However, memory access numbers are greatly
reduced in RC-NVM, even considering the effect of the
cache synonym problem. The number of memory accesses
of RC-NVM is less than a third of those of DRAM/RRAM
on average. In other words, the IMDB on RC-NVM has two
alternative ways to access data, then it can select the best
combination of access methods to effectively utilize the pre-
cious memory bus resource. For GS-DRAM, memory
accesses are only reduced for several queries with power-
of-2 strided accesses, like Q1, Q4, and Q6. For queries Q2,
Q3 and Q5, GS-DRAM cannot work. Thus, it shows no
improvement over conventional DRAM.

Second, the decrease of row/column buffer miss rates
also contributes to the performance improvement. In RC-
NVM, IMDB has greater possibility to avoid row/column
buffer misses caused by strided accesses. Fig. 26 shows RC-
NVM achieves a 38 percent decline in the buffer miss rate,
which comprising both row and column buffer misses. The
buffer miss rates are not reduced after using GS-DRAM.

Third, from Fig. 27 we can see that the extra overhead to
solve the cache synonym and coherence of RC-NVM lies in
the range of 0.2 to 3.4 percent. On average, the cache coher-
ence overhead introduced by RC-NVM is only 1.06 percent,
which is negligible. Note that we do not count the extra
coherence overhead for GS-DRAM in experiments since the
details are not clearly described in the paper [6].

In previous experiments, we use the RRAM model from
Panasonic’s RRAMmodel [19]. In order to reflect the impact

Fig. 22. Three tuple formats in benchmark queries.

Fig. 23. Micro-benchmark results.

Fig. 24. SQL benchmark results.

Fig. 25. Numbers of memory accesses.

Fig. 26. Comparison of row/column buffer miss rates.
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of different RRAM technologies on efficiency of RC-NVM,
we perform a sensitivity analysis. As shown in Fig. 28, we
scale the read and write latency to different values and com-
pare the average execution time results. We can find that RC-
NVM can still outperform DRAM even when the read and
write latency are in the level of several hundreds of cycles.

6.5 Effect of RC-NVM Aware Scheduling

Fig. 29 shows the performance of RC-NVM aware schedul-
ing and FR-FCFS which can identify both row and column
buffer hits. For queries accessing two tables (Q8 and Q9),
RC-NVM aware scheduling can achieve 22.5 percent perfor-
mance improvement compared to FR-FCFS. In our evalua-
tion, the two tables are stored in different subarrays of a
series of banks. For FR-FCFS, accesses to data of two tables
stored in the same bank must be serialized due to bank con-
flicts, while RC-NVM aware scheduling can exploit subar-
ray-level parallelism in the same bank by accessing two
tables simultaneously for orthogonal accesses in terms of
orientation. For others queries without subarray-level paral-
lelism, they have similar performance because both of them
can identify row/column buffer hits and exploit channel
and bank level parallelism.

6.6 Effect of Group Caching

By applying group caching optimization, RC-NVM can fur-
ther achieve performance improvement with relatively small
last-level cache usage. The effects of this optimization are
shown in Fig. 30. The numbers in the legend indicate how
many cachelines are filled at one time. It is apparent that
larger group caching sizes achieve better performance. For
example, we can achieve a 15 percent performance improve-
ment when the group caching size is set to 128 cachelines for
each column.

6.7 Energy Consumption

We also evaluate the energy consumption of different mem-
ory configurations. As shown in Fig. 31, due to high static
power consumption, the energy consumption of DRAM is
4.5X more than RRAM’s. For queries that GS-DRAM can
work, like Q1, Q4 and Q6, GS-DRAM consumes much less
energy than DRAM. The energy is mainly determined by the
total execution time and the number ofmemory accesses. Due
to much less memory requests, RC-NVM consumes much

less energy than RRAM for most queries except for Q3. On
average, RC-NVM reduces energy by 66.2 percent compared
to RRAM. Since the dynamic power of write/read operations
dominates the energy consumption of RRAM, the energy con-
sumption of extra peripheral circuitry in RC-NVMcan be cov-
ered by the energy reduction of lessmemory requests.

6.8 Scientific Computing: GEMM

RC-NVM can also give performance improvement for Gen-
eral Matrix Multiply, which is an important kernel in many
scientific computations. When two matrices are multiplied,
one is accessed in the row-major order, while the other is
accessed in the column-major order. Since a matrix may be
accessed in both row and column directions, the same data
layout dilemma also exists in GEMM.

There are two main optimization methods for GEMM on
CPU. The first one is tiling, in which smaller blocks of the
whole matrix are fetched into the cache and using them to
the most before evicted to amortize the cost of fetching data
over useful computations. The second one is single instruc-
tion multi-data (SIMD), in which a small batch of data will
be processed every time. Although multiple float point mul-
tiplications and additions can be processed simultaneously,
multiple data fetches are still needed to gather values from
different cachelines. To minimize cache misses, a simple
data reorganization process called packing can be exploited,
which reorders the elements of matrix blocks based on
the memory access pattern of the multiplication [30]. On
one hand, RC-NVM can support both row-oriented and
column-oriented accesses to the same matrix. As a result,
RC-NVM can directly load target data jnto SIMD registers,
eliminating the packing process. On the other hand, since
the packing is a data-intensive process with low computing
complexity, it is suitable to be offloaded to memory to exe-
cute using processing-in-memory (PIM) [31].

Fig. 32 shows the performance of GEMM with different
mechanisms. DRAM/RRAM-tiled mechanisms exploit the

Fig. 30. Impact of Group Caching optimization.

Fig. 28. RC-NVM read latency sensitivity results.

Fig. 29. Impact of RC-NVM aware scheduling.
Fig. 27. Cache synonym and coherence overhead.

Fig. 31. Energy consumption results.

LI ETAL.: RC-NVM: DUAL-ADDRESSING NON-VOLATILE MEMORYARCHITECTURE SUPPORTING BOTH ROW AND COLUMN MEMORY... 251



conventional tiling and packing method. DRAM/RRAM-
PIM utilize the PIM accelerator proposed in [31] to imple-
ment packing. All results are normalized to a non-tiled
version for differentmatrix sizes. RC-NVM improves the per-
formance of GEMM by 19 percent on average compared to
the best tiled version on RRAM. Note that RC-NVM outper-
forms GS-DRAM by 6 percent due to its high efficiency as
explained in Section 6.4. Moreover, RC-NVM and GS-DRAM
outperform the PIM accelerator by 9.3 and 3.3 percent respec-
tively. This is because RC-NVM and GS-DRAM naturally
enables both row and column memory accesses for GEMM,
eliminating the packing process totally.

Emerging 3D-stacked DRAM architectures enable PIM or
near-memory processing (NMP) to reduce the data move-
ment between memory and the CPU by offloading part
data-intensive task to memory. However, due to the limited
compute capability of PIM processing logic, offloaded parts
are usually simple functions requiring relative little and
simple operations such as basic arithmetic and bitwise oper-
ations [31], [32]. Different from PIM, RC-NVM enables
NVM-based memory to support both row and column
accesses, which can improve the performance of different
kinds of workloads with hybrid access patterns. Moreover,
as promising replacement for DRAM, we believe emerging
NVM techniques can also take advantage of PIM techni-
ques. Therefore, PIM and RC-NVM can be combined to
improve the memory performance. The data processed with
PIM logic can also benefit from the dual-addressing mem-
ory architecture, since the subarray in banks is the basic
unit to support both row and column accesses.

7 RELATED WORK

In this section, we discuss prior works that aim to enhance
the performance of the memory system, and improve the
efficiency of OLTP and OLAP queries in IMDBs.

High Performance Memory Architectures. Many previous
works introduce new memory architectures for either
achieving lower latency or higher parallelism. SALP [33]
exploits the subarray-level parallelism to mitigate the per-
formance impact of bank conflicts in DRAM. A memory
scheduling scheme is proposed for Non-Volatile Dual In-
line Memory Module (NVDIMM) to minimize the interfer-
ence between the native and I/O-derived memory traf-
fic [34]. Our mechanisms are orthogonal to these works, and
can be applied together with them to further increase mem-
ory system performance. Dual-addressing memory [7] (RC-
DRAM) enables DRAM to support both row and column
memory accesses. GS-DRAM improves the performance of
power-of-2 strided memory accesses by changing the orga-
nization and access mechanism of traditional DRAM mod-
ules [6]. Compared to them, RC-NVM enables crossbar
based NVM to efficiently perform both row and column
accesses with considerable flexibility and small overhead.

In-Memory Database Optimizations. Various workload
characterization studies provide detailed analysis of the
time breakdown for databases running on a modern proces-
sor, and reveal that databases suffer from high memory-
related processor stalls. This is caused by a huge amount of
data cache misses [35], which account for 50-70 percent for
OLTP workloads [36] to 90 percent for DSS workloads [37],
of the total memory-related stall.

Data layouts have a considerable influence on thememory
utilization and performance of in-memory databases. To uti-
lize thememorymore efficiently, somework re-organizes the
records in a column store [38], [39]. Columnar layout favors
OLAP workload such as scan-like queries, which typically
only needs a few columns of relational table. This layout can
achieve good cache locality [40], and can achieve better data
compression [41], but has a negative impact for OLTP queries
that need to operate on the row level [38], [41], [42].

Some IMDBs try to support OLXP using software meth-
ods. There have been several attempts to build databases by
means of a hybrid of row and column layouts. For example,
SAP HANA [41] supports both row- and column-oriented
physical representations of relational tables, in order to opti-
mize different query workloads. It organizes data layout for
both efficient OLAP andOLTPwithmultilayer stores consist-
ing of several delta row/column stores and a main column
store, which are merged periodically. Arulraj et al. propose a
continuous reorganization technique to shape table’s physi-
cal layout in either row-stores or column-stores [5]. However,
the row-column transformation involves significant data
copying overhead and does not work in fully interleaved
OLXPworkload. In addition, none of themhas direct support
of memory hardware, which is not enough for performance-
critical applications using IMDB.

8 CONCLUSION

We exploit the symmetry of the crossbar structure adopted
by most NVMs to implement dual-addressing memory
architecture with very little area and latency overhead. This
novel architecture can support row-/column-oriented
memory accesses for workloads with different access pat-
terns. With a minor extension to the ISA and the help of
huge-page technique, applications can explicitly control the
data layout in RC-NVM and issue proper memory accesses
to efficiently utilize the precious cache capacity and mem-
ory bandwidth. After using RC-NVM architecture, we can
achieve even better performance than the DRAM counter-
part, although NVM device has a lower access speed. To
this end, RC-NVM is considered to be an attractive solution
to provide both large capacity and high performance.

ACKNOWLEDGMENTS

This work is supported by National Natural Science Foun-
dation of China (No.61433019, U1435217, 61572045) and
National Science Foundation (No.1744111S, 1725456).

REFERENCES

[1] A. Chen, “A review of emerging non-volatile memory (NVM)
technologies and applications,” Solid-State Electron., vol. 125,
pp. 25–38, 2016.

Fig. 32. GEMM performace normalized to the non-tiled baseline.

252 IEEE TRANSACTIONS ON COMPUTERS, VOL. 68, NO. 2, FEBRUARY 2019



[2] A. Kemper and T. Neumann, “HyPer: A hybrid OLTP &
OLAP main memory database system based on virtual memory
snapshots,” inProc. IEEE 27th Int. Conf. Data Eng., 2011, pp. 195–206.

[3] A. K. Goel, J. Pound, N. Auch, P. Bumbulis, S. MacLean, F. Frber, F.
Gropengiesser, C.Mathis, T. Bodner, andW. Lehner, “Towards scal-
able real-time analytics: An architecture for scale-out of OLxP work-
loads,” Proc. VLDBEndowment, vol. 8, no. 12, pp. 1716–1727, 2015.

[4] I. Alagiannis, S. Idreos, and A. Ailamaki, “H2O: A hands-free
adaptive store,” in Proc. ACM SIGMOD Int. Conf. Manage. Data,
2014, pp. 1103–1114.

[5] J. Arulraj, A. Pavlo, and P. Menon, “Bridging the archipelago
between row-stores and column-stores for hybrid workloads,” in
Proc. Int. Conf. Manage. Data, 2016, pp. 583–598.

[6] V. Seshadri, T. Mullins, A. Boroumand, O. Mutlu, P. B. Gibbons,
M. A. Kozuch, and T. C. Mowry, “Gather-scatter DRAM: In-
DRAM address translation to improve the spatial locality of non-
unit strided accesses,” in Proc. 48th Annu. IEEE/ACM Int. Symp.
Microarchitecture, 2015, pp. 267–280.

[7] Y. H. Chen and Y. Y. Liu, “Dual-addressing memory architecture
for two-dimensional memory access patterns,” in Proc. Des.
Autom. Test Eur. Conf. Exhibition, 2013, pp. 71–76.

[8] J. Arulraj and A. Pavlo, “How to build a non-volatile memory
database management system,” in Proc. ACM Int. Conf. Manage.
Data, 2017, pp. 1753–1758.

[9] D. Li, J. S. Vetter, G.Marin, C. McCurdy, C. Cira, Z. Liu, andW. Yu,
“Identifying opportunities for byte-addressable non-volatile mem-
ory in extreme-scale scientific applications,” in Proc. IEEE 26th
Int. Parallel Distrib. Process. Symp., 2012, pp. 945–956.

[10] B. C. Lee, E. Ipek, O. Mutlu, and D. Burger, “Architecting phase
change memory as a scalable dram alternative,” in Proc. 36th
Annu. Int. Symp. Comput. Archit., 2009, pp. 2–13.

[11] C. Xu, D. Niu, N. Muralimanohar, R. Balasubramonian, T. Zhang,
S. Yu, and Y. Xie, “Overcoming the challenges of crossbar resistive
memory architectures,” in Proc. IEEE 21st Int. Symp. High Perform.
Comput. Archit., 2015, pp. 476–488.

[12] R. Dorrance, J. G. Alzate, S. S. Cherepov, P. Upadhyaya, I. N.
Krivorotov, J. A. Katine, J. Langer, K. L. Wang, P. K. Amiri, and
D. Markovic, “Diode-MTJ crossbar memory cell using voltage-
induced unipolar switching for high-density MRAM,” IEEE Elec-
tron Device Lett., vol. 34, no. 6, pp. 753–755, Jun. 2013.

[13] M. Wang, W. Cai, K. Cao, J. Zhou, J. Wrona, S. Peng, H. Yang,
J. Wei, W. Kang, Y. Zhang, J. Langer, B. Ocker, A. Fert, and
W. Zhao, “Current-induced magnetization switching in atom-
thick tungsten engineered perpendicular magnetic tunnel junc-
tions with large tunnel magnetoresistance,” Nature Commun.,
vol. 9, no. 1, 2018, Art. no. 671.

[14] B. C. Lee, P. Zhou, J. Yang, Y. Zhang, B. Zhao, E. Ipek, O. Mutlu,
and D. Burger, “Phase-change technology and the future of main
memory,” IEEE Micro, vol. 30, no. 1, pp. 143–143, Jan./Feb. 2010.

[15] Intel and Micro, “Intel and Micron produce breakthrough mem-
ory technology,” (2018). [Online]. Available: https://newsroom.
intel.com/news-releases/intel-and-micron-produce-
breakthrough-memory-technology

[16] Intel, “Reimagining the data center memory and storage hierarchy,”
(2018). [Online]. Available: https://newsroom.intel.com/editorials/
re-architecting-data-center-memor y-storage-hierarchy

[17] S. H. Jo, T. Kumar, S. Narayanan, W. D. Lu, and H. Nazarian, “3D-
stackable crossbar resistive memory based on Field Assisted
Superlinear Threshold (FAST) selector,” in Proc. IEEE Int. Electron
Devices Meeting, 2014, pp. 6.7.1–6.7.4.

[18] S. R. Ovshinsky, “Reversible electrical switching phenomena in
disordered structures,” Phys. Rev. Lett., vol. 21, pp. 1450–1453,
1968.

[19] A. Kawahara, R. Azuma, Y. Ikeda, K. Kawai, Y. Katoh, K. Tanabe,
T. Nakamura, Y. Sumimoto, N. Yamada, N. Nakai, S. Sakamoto,
Y. Hayakawa, K. Tsuji, S. Yoneda, A. Himeno, K. I. Origasa,
K. Shimakawa, T. Takagi, T. Mikawa, and K. Aono, “An 8 Mb
multi-layered cross-point ReRAM macro with 443 MB/s write
throughput,” in Proc. IEEE Int. Solid-State Circuits Conf., 2012,
pp. 432–434.

[20] Micron, “DDR3 SDRAM,” (2018). [Online]. Available: https://
www.micron.com/~/media/documents/products/data-sheet/
dram/ddr3/ 4gb_ddr3_sdram.pdf

[21] S. Rixner, “Memory controller optimizations for web servers,” in
Proc. 37th Annu. IEEE/ACM Int. Symp. Microarchitecture, 2004,
pp. 355–366.

[22] DDR4 SDRAM STANDARD. (2018). [Online]. Available: http://
www.jedec.org/standards-documents/docs/jesd79–4a

[23] Hugepages, (2018). [Online]. Available: https://www.kernel.org/
doc/Documentation/vm/hugetlbpage.txt

[24] Configuring hugepages for oracle database. (2018). [Online].
Available: https://docs.oracle.com/cd/E37670_01/E37355/html/
ol_config_hugepages.html

[25] M. Folk, G. Heber, Q. Koziol, E. Pourmal, and D. Robinson, “An
overview of the HDF5 technology suite and its applications,” in
Proc. EDBT/ICDTWorkshop Array Databases, 2011, pp. 36–47.

[26] S. Fujita and T. Hada, “Two-dimensional on-line bin packing
problem with rotatable items,” Theoretical Comput. Sci., vol. 289,
no. 2, pp. 939–952, 2002.

[27] F. Zyulkyarov, N. Hyuseinova, Q. Cai, B. Cuesta, S. Ozdemir, and
M. Nicolaides, “Method for pinning data in large cache in multi-
level memory system,” U.S. Patent 9 645 942, 2017.

[28] M. Poremba, T. Zhang, and Y. Xie, “NVMain 2.0: A user-friendly
memory simulator to model (non-)volatile memory systems,” IEEE
Comput. Archit. Lett., vol. 14, no. 2, pp. 140–143, Jul.–Dec. 2015.

[29] N. Binkert, B. Beckmann, G. Black, S. K. Reinhardt, A. Saidi,
A. Basu, J. Hestness, D. R. Hower, T. Krishna, S. Sardashti, et al.,
“The gem5 simulator,” ACM SIGARCH Comput. Archit. News,
vol. 39, no. 2, pp. 1–7, 2011.

[30] Google, “gemmlowp: A small self-contained low-precision
GEMM library,” (2018). [Online]. Available: https://github.com/
google/gemmlowp

[31] A. Boroumand, P. Ranganathan, O. Mutlu, S. Ghose, Y. Kim,
R. Ausavarungnirun, E. Shiu, R. Thakur, D. Kim, A. Kuusela, and
A. Knies, “Google workloads for consumer devices: Mitigating
data movement bottlenecks,” in Proc. 23rd Int. Conf. Archit. Support
Program. Lang. Operating Syst., 2018, pp. 316–331.

[32] D. Zhang, N. Jayasena, A. Lyashevsky, J. L. Greathouse, L. Xu,
and M. Ignatowski, “TOP-PIM: Throughput-oriented program-
mable processing in memory,” in Proc. 23rd Int. Symp. High-
Perform. Parallel Distrib. Comput., 2014, pp. 85–98.

[33] Y. Kim, V. Seshadri, D. Lee, J. Liu, and O. Mutlu, “A case for
exploiting subarray-level parallelism (SALP) in DRAM,” in Proc.
39th Annu. Int. Symp. Comput. Archit., 2012, pp. 368–379.

[34] R. Chent, Z. Shao, and T. Li, “Bridging the I/O performance gap for
big data workloads: A new NVDIMM-based approach,” in Proc.
49th Annu. IEEE/ACM Int. Symp.Microarchitecture, 2016, pp. 1–12.

[35] J. L. Lo, L. A. Barroso, S. J. Eggers, K. Gharachorloo, H. M. Levy,
and S. S. Parekh, “An analysis of database workload performance
on simultaneous multithreaded processors,” in Proc. 25th Annu.
Int. Symp. Comput. Archit., 1998, pp. 39–50.

[36] K. Keeton, D. A. Patterson, Y. Q. He, R. C. Raphael, and
W. E. Baker, “Performance characterization of a quad Pentium
Pro SMP using OLTP workloads,” in Proc. 25th Annu. Int. Symp.
Comput. Archit., 1998, pp. 15–26.

[37] A. Ailamaki, D. J. DeWitt, M. D. Hill, and D. A. Wood, “DBMSs on
a modern processor: Where does time go?” in Proc. 25th Int. Conf.
Very Large Data Bases, 1999, pp. 266–277.

[38] D. J. Abadi, S. R. Madden, and N. Hachem, “Column-stores
versus row-stores: How different are they really?” in Proc. ACM
SIGMOD Int. Conf. Manage. Data, 2008, pp. 967–980.

[39] D. J. Abadi, P. A. Boncz, and S. Harizopoulos, “Column-oriented
database systems,” Proc. VLDB Endowment, vol. 2, no. 2, pp. 1664–
1665, 2009.

[40] H. Plattner, “A common database approach for OLTP and OLAP
using an in-memory column database,” in Proc. ACM SIGMOD
Int. Conf. Manage. Data, 2009, pp. 1–2.

[41] V. Sikka, F. Frber, W. Lehner, S. K. Cha, T. Peh, and C. Bornhvd,
“Efficient transaction processing in SAP HANA database: The
end of a column store myth,” in Proc. ACM SIGMOD Int. Conf.
Manage. Data, 2012, pp. 731–742.

[42] M. Grund, J. Krger, H. Plattner, A. Zeier, P. Cudre-Mauroux, and
S. Madden, “HYRISE: A main memory hybrid storage engine,”
Proc. VLDB Endowment, vol. 4, no. 2, pp. 105–116, 2010.

Shuo Li received the master’s degree in com-
puter science from the NUDT, China, in 2012. He
is working toward the PhD degree in computer
science at the National University of Defense
Technology (NUDT), China. His interest includes
computer architecture and non-volatile memory
technology.

LI ETAL.: RC-NVM: DUAL-ADDRESSING NON-VOLATILE MEMORYARCHITECTURE SUPPORTING BOTH ROW AND COLUMN MEMORY... 253

https://newsroom.intel.com/news-releases/intel-and-micron-produce-breakthrough-memory-technology
https://newsroom.intel.com/news-releases/intel-and-micron-produce-breakthrough-memory-technology
https://newsroom.intel.com/news-releases/intel-and-micron-produce-breakthrough-memory-technology
https://newsroom.intel.com/editorials/re-architecting-data-center-memor y-storage-hierarchy
https://newsroom.intel.com/editorials/re-architecting-data-center-memor y-storage-hierarchy
https://www.micron.com/~/media/documents/products/data-sheet/dram/ddr3/ 4gb_ddr3_sdram.pdf
https://www.micron.com/~/media/documents/products/data-sheet/dram/ddr3/ 4gb_ddr3_sdram.pdf
https://www.micron.com/~/media/documents/products/data-sheet/dram/ddr3/ 4gb_ddr3_sdram.pdf
http://www.jedec.org/standards-documents/docs/jesd79--4a
http://www.jedec.org/standards-documents/docs/jesd79--4a
https://www.kernel.org/doc/Documentation/vm/hugetlbpage.txt
https://www.kernel.org/doc/Documentation/vm/hugetlbpage.txt
https://docs.oracle.com/cd/E37670_01/E37355/html/ol_config_hugepages.ht ml
https://docs.oracle.com/cd/E37670_01/E37355/html/ol_config_hugepages.ht ml
https://github.com/google/gemmlowp
https://github.com/google/gemmlowp


Nong Xiao received the BS, MS and PhD
degrees of computer science from the NUDT,
China. Now he is a professor in School of Data
and Computer Science, Sun Yat-sen University.
His current research interest includes large-scale
storage system, network computing, and com-
puter architecture. He is a member of the IEEE.

Peng Wang received BS and PhD degrees
from Peking University, Beijing, China, in 2010
and 2017, respectively. He is currently a senior
engineer with Huawei Technologies, working on
storage-system design and implementation. His
research interests include storage system and
computer architecture. He is amember of the IEEE.

Guangyu Sun received the BS and MS degrees
from Tsinghua University, Beijing, China, in 2003
and 2006, respectively, and the PhD degree in
computer science from Pennsylvania State Uni-
versity, State College, Pennsylvania, in 2011. He
is currently an associate professor of CECA at
Peking University, Beijing, China. His research
interests include computer architecture, VLSI
design, and electronic design automation (EDA).
He has published more than 60 journals and ref-
ereed conference papers in these areas. He has

also served as a peer reviewer and technical referee for several journals,
which include the IEEE Micro, the IEEE Transactions on Very Large
Scale Integration Systems (TVLSI), the IEEE Transactions on Com-
puter-Aided Design of Integrated Circuits and Systems (TCAD), etc. He
is a member of the CCF and IEEE.

Xiaoyang Wang received the BS degree in com-
puter science from Peking University, China, in
2015, where he is currently working toward the
PhD degree in the School of Electrical Engineer-
ing and Computer Science. His current research
interests include distributed systems and high-
performance storage systems.

Yiran Chen received the BS and MS degrees
(both with honor) from Tsinghua University and
the PhD degree from Purdue University, in 2005.
After five years in industry, he joined University of
Pittsburgh, in 2010 as assistant professor and
then promoted to associate professor with tenure,
in 2014, held Bicentennial Alumni Faculty fellow.
He now is an tenured associate professor of the
Department of Electrical and Computer Engineer-
ing, Duke University and serving as the co-director
of Duke Center for Evolutionary Intelligence (CEI).

He is an associate editor of the IEEE Transactions on Neural Networks
and Learning Systems, the IEEE Transactions on Computer-Aided
Design of Integrated Circuits and Systems, the IEEE Design & Test of
Computers, the IEEE Embedded Systems Letters, the ACM Journal on
Emerging Technologies in Computing Systems, the ACM Transactions
on Cyber-Physical Systems, and served on the technical and organiza-
tion committees of more than 40 international conferences. He received 5
best paper awards and 15 best paper nominations from international con-
ferences. He is the recipient of NSF CAREER award and ACM SIGDA
outstanding new faculty award. He is also an IEEE fellow.

Hai (Helen) Li (M08-SM16) received the BS and
MS degrees from Tsinghua University, Beijing,
China, and the PhD degree from the Department
of Electrical and Computer Engineering, Purdue
University, West Lafayette, Indiana. She currently
is the Clare Boothe Luce associate professor
with the Department of Electrical and Computer
Engineering, Duke University, Durham, North
Carolina. Prior to it, she was with Qualcomm,
Intel, Segate, the Polytechnic Institute of New
York University and the University of Pittsburgh.

She serves as associate editor of the IEEE Transactions on Computer-
Aided Design of Integrated Circuits and Systems, the IEEE Transactions
on Multi-Scale Computing Systems, the IEEE Transactions on Very
Large Scale Integration (VLSI) Systems, the IEEE Transactions on
Embedded Computing Systems, the IEEE Consumer Electronics Maga-
zine, the ACM Transactions on Design Automation of Electronic Sys-
tems and IET Cyber-Physical Systems: Theory & Applications. She was
the general chair of ISVLSI, ICCE, ISQED and GLSVLSI, and the techni-
cal program chair of SoCC, iNIS, GLSVLSI. She also served on the
ACM/SIGDA Outstanding PhD Dissertation Award Selection Committee,
the Program chair for ACM SIGDA summer school (DASS), the Execu-
tive Committee of ISVLSI, GLSVLSI and iNIS, and the Technical Pro-
gram Committee members of more than 20 international conference
series. She received the NSF Faculty Early Career Development Award
(CAREER) in 2012, the DARPA Young Faculty Award (YFA) in 2013,
TUM-IAS Hans Fisher fellowship, Technische Universitt Mnchen, Ger-
many in 2017. She is a senior member of IEEE and a distinguished
member of ACM.

Jason Cong received the BS degree in computer
science from Peking University, in 1985, and the
MS and PhD degrees in computer science from
the University of Illinois at Urbana-Champaign, in
1987 and 1990, respectively. Currently, he is a
Chancellor’s professor with the Computer Sci-
ence Department, also with joint appointment
from the Electrical Engineering Department, Uni-
versity of California, Los Angeles, the director of
Center for Domain-Specific Computing (CDSC),
and the director of VLSI Architecture, Synthesis,

and Technology (VAST) Laboratory. He served as the chair the UCLA
Computer Science Department from 2005 to 2008, and is also a distin-
guished visiting professor at Peking University. His research interests
include synthesis of VLSI circuits and systems, programmable systems,
novel computer architectures, nano-systems, and highly scalable algo-
rithms. He has more than 400 publications in these areas, including 10
best paper awards, two 10-Year Most Influential Paper Awards. He was
elected to an IEEE fellow in 2000 and ACM fellow in 2008, and received
two IEEE Technical Achievement Awards, one from the Circuits and Sys-
tem Society (2010) and the other from the Computer Society (2016).

Tao Zhang received the BS and MS degrees
from Peking University, and the PhD degree from
Pennsylvania State University, in 2014. He is now
working as a SoC performance analysis engineer
in Apple Corporation. His research interests
mainly fall into computer architecture, memory
subsystem design, and 3D IC. He has published
21 papers in various top-class conferences. He
also serves as a peer reviewer for journals and
conferences in the fields of computer architecture,
VLSI design, and EDA. He is a member of ACM
and IEEE.

" For more information on this or any other computing topic,
please visit our Digital Library at www.computer.org/publications/dlib.

254 IEEE TRANSACTIONS ON COMPUTERS, VOL. 68, NO. 2, FEBRUARY 2019



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


