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This article presents a framework, Genesis (genome analysis), to efficiently and
flexibly accelerate generic data manipulation operations that have become
performance bottlenecks in the genomic data processing pipeline utilizing FPGAs-
as-a-service. Genesis conceptualizes genomic data as a very large relational
database and uses extended SQL as a domain-specific language to construct data
manipulation queries. To accelerate the queries, we designed a Genesis hardware
library of efficient coarse-grained primitives that can be composed into a
specialized dataflow architecture. This approach explores a systematic and
scalable methodology to expedite domain-specific end-to-end accelerated system
development and deployment.

As the democratization of wet lab sequencing
technology drives down sequencing cost, the
cost and runtime of data analysis are becom-

ing more significant. An article published in PLoS Biol-
ogy quantitatively claimed that genomics is projected
to produce over 250 exabytes of sequence data per
year by 2025, far surpassing the current major genera-
tors of big data such as YouTube (�1–2 exabytes/year)
and Twitter (�1.36 petabytes/year). With the afore-
mentioned big data generation comes challenges in
genomic data acquisition, storage, distribution, and
analysis. We focus our effort on addressing the effi-
cient analysis of genomic data, in parti`cular, identify-
ing genomic variants in each individual genome, as it
is one of the most computationally demanding
pipelines.

Genomic data processing algorithms are composed
of a mixture of specific algorithms as well as generic
data manipulation operations. For example, the most
popular genome sequencing workflow, Broad Insti-
tute’s Genome Analysis ToolKit 4 (GATK4) Best Practi-
ces, consists of stages implementing specific
algorithms such as read alignment and variant calling
as well as stages performing generic data manipula-
tions such as mark duplicates and base quality score
recalibration. Thus far, most prior work focused on the
hardware acceleration of specific algorithms such as
read alignment1–3 or pair-HMM (hidden Markov model)
in variant calling. Such specialized accelerators, target-
ing a specific implementation of a particular genome
sequencing pipeline stage, have demonstrated orders
of magnitude speedups and energy-efficiency improve-
ments. With these specific algorithm accelerations in
place, the remaining unaccelerated analysis stages
that contain datamanipulation operations become the
bottleneck and a large portion of the genomic analysis
execution time, making them good targets for acceler-
ation pursuant to Amdahl’s law.

0272-1732 � 2021 IEEE
Digital Object Identifier 10.1109/MM.2021.3072385
Date of publication 12 April 2021; date of current version
25 May 2021.

IEEE Micro Published by the IEEE Computer Society May/June 202142
Authorized licensed use limited to: Seoul National University. Downloaded on November 30,2021 at 01:35:58 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0002-2669-6849
https://orcid.org/0000-0002-2669-6849
https://orcid.org/0000-0002-2669-6849
https://orcid.org/0000-0002-2669-6849
https://orcid.org/0000-0002-2669-6849
https://orcid.org/0000-0002-8283-8960
https://orcid.org/0000-0002-8283-8960
https://orcid.org/0000-0002-8283-8960
https://orcid.org/0000-0002-8283-8960
https://orcid.org/0000-0002-8283-8960
https://orcid.org/0000-0001-5971-9093
https://orcid.org/0000-0001-5971-9093
https://orcid.org/0000-0001-5971-9093
https://orcid.org/0000-0001-5971-9093
https://orcid.org/0000-0001-5971-9093
https://orcid.org/0000-0003-0754-3975
https://orcid.org/0000-0003-0754-3975
https://orcid.org/0000-0003-0754-3975
https://orcid.org/0000-0003-0754-3975
https://orcid.org/0000-0003-0754-3975
https://orcid.org/0000-0002-4266-4919
https://orcid.org/0000-0002-4266-4919
https://orcid.org/0000-0002-4266-4919
https://orcid.org/0000-0002-4266-4919
https://orcid.org/0000-0002-4266-4919
https://orcid.org/0000-0002-3574-3440
https://orcid.org/0000-0002-3574-3440
https://orcid.org/0000-0002-3574-3440
https://orcid.org/0000-0002-3574-3440
https://orcid.org/0000-0002-3574-3440


An important aspect of genomic data analysis is that
the algorithms are still being refined and special care is
needed when proposing hardware acceleration. For
example, INDEL realignment was themajor performance
bottleneck in the now deprecated GATK3 and thus a
hardware accelerator targeting the stagewas proposed.3

However, GATK4 does not utilize this stage with its
updated variant calling algorithms rendering the pro-
posal suitable largely for legacy pipelines. Similarly, accel-
erators targeting the pair-HMM algorithms used in the
variant calling stages of GATK4 are likely being replaced
by the DNN-based algorithm for the same stage. Noting
the rapid changes in specific algorithms, we argue that
designing accelerators for the generic datamanipulation
portions of the pipelines is just as important, if not more,
than designing accelerators for the specific algorithms.

WEARCHITECTANDEVALUATEA
FLEXIBLEACCELERATION
FRAMEWORKTHATTARGETSGENERIC
DATAMANIPULATIONOPERATIONS
COMMONLYUSED INGENOMICDATA
PROCESSINGCALLEDGENESIS.

Thus, we architect and evaluate a flexible accelera-
tion framework that targets generic data manipulation
operations commonly used in genomic data processing
calledGenesis. We view genomic data as traditional data
tables and use extended SQL as a domain-specific lan-
guage to process genomic analytics. Conceptualizing
the genomic data as a very large relational database
allows us to reason about the algorithms and transforms
genomic data processing stages into simple extended
SQL-style queries. Once the queries are constructed,
Genesis facilitates the translation of the queries into
hardware accelerator pipelines using the Genesis hard-
ware library that accelerates primitive operations in data-
base and genomic data processing. As a proof of
concept, we accelerate the data preprocessing phase in
GATK4 Best Practices and deploy Genesis-generated
accelerators on Amazon EC2 F1 instances. We demon-
strate that the accelerated system targeting these
queries provides a significant performance improvement
and cost savings over a commodity CPU.

GENOMIC DATA ANALYTICS
A genome is an organism’s complete set of DNAs. For a
human genome, each chromosome is represented as a
sequence of DNA base pairs expressed as a single

character, A, T, C, G, representing a DNA nucleotide base.
Genomic analysis uses a DNA sequence to identify varia-
tions from a biological sample against a reference
genome. Our work focuses on genomic analysis through
the next generation sequencing (NGS) technology, the
de facto technology for the whole genome analysis. In
this process, fragmented DNA samples are read by an
NGS wet lab instrument. Raw sensor data from the
instrument are processed through an equipment-spe-
cific proprietary software (or hardware), and the instru-
ment outputs processed data called reads. Reads
contain multiple fragments from a sequence of base
pairs and a sequence of quality scores where a single
quality score represents themachine’s confidence of the
corresponding base pair measurement. This process of
postmeasurement analysis is called theprimary analysis,
and the outcome of the primary analysis is an input to
the secondary analysis. Secondary analysis is a process
of identifying genomic variants. Since it is very computa-
tionally demanding, this is what most computer soft-
ware/hardware research (including ours) focuses on.
Once these genomic variants are identified, they can be
used to analyze the specific characteristics of this DNA
(e.g., disease risk).

GENESIS ACCELERATION
FRAMEWORK
Representing Genomic Data Analysis as
Relational Database Queries
Genesis conceptualizes genomic data as relational data
tables and uses SQL as a domain-specific language to
represent the target genomic analysis operations and
pipeline stages for acceleration. Genomic reads are rep-
resented as rows in a table, and attributes associated
with each read are represented as columns. We use Illu-
mina sequencer short reads (up to 151 base pairs per
read) for a specific human in our evaluated dataset. A ref-
erence sequence is fragmented intomany segments and
each segment is represented as a row in the reference
table. We configure a single row in the reference table to
have about 1M base pairs. For the efficientmanagement
of those tables, we partition each table into multiple
tables by chromosome identifiers, and then again by the
mapped position of the reads or the reference data. For
both tables, we assign a unique partition ID to the parti-
tion. Genesis supports common SQL operations such as
Select, Where, GroupBy, Join, Limit (used to select a subset of
rows), Count, and Sum. In addition, we support two addi-
tional operations PosExplode and ReadExplode. PosExplode(COL,
INITPOS), converts an array in a single row of a single col-
umn (COL) to multiple rows with an extra POS column that
starts from the position INITPOS (POS is incremented by one
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for every row that is exploded). ReadExplode converts a
read, stored as a single row in the read tables, tomultiple,
separate rows where each row contains the base, the
corresponding quality score, and its position. This opera-
tion converts individual base pairs and corresponding
quality scores into separate rows utilizing its alignment
information recorded in the metadata called CIGAR
(CIGAR contains base pair alignment information such
as substitution, matching, insertion, deletion, etc.).
Finally, we support iteration over rows with the FOR Row IN

Table clause, which is similar to that of Oracle PL/SQL.
We use an example to illustrate how to construct

queries for a genomic data analysis operation and walk
through the execution of the query using a high-level
block diagram. In this example, the user wants to find
the number of bases that matches the reference for all
reads whose partition ID is equal to the constant P. In
this case, the user can represent this operation as a
sequence of SQL queries as shown in Figure 1(a), which
essentially follows the execution flow depicted in
Figure 1(b). Step 1: the set of reads and the relevant ref-
erence with the partition ID (P) are first extracted (I1).
Step 2: the relevant reference row’s base pair sequence
is expanded into multiple rows with PosExplode (I2). Step
3: for each read in the ReadPartition, its base pairs are con-
verted to a multirow table with ReadExplode (Q1). Step 4:
inner-join the ReadExplode’ed table and the subset of the
PosExplode’ed reference row table (the subset is obtained
with the LIMIT base offset clause) to obtain a joined table

that allows us to extract basematching information (Q2).
Step 5: the number of matching base pairs (i.e., a read’s
base pair is identical to the reference’s base pair) are
computed and inserted into the output table (Q3). Gene-
sis Hardware Library: Genesis framework lets a user
easily construct a dataflow pipeline that accelerates
the desired target query [e.g., Figure 1(a)]. The key idea
behind this framework is that a relational query can be
decomposed into a series of relational operators. For
example, it is well known that SQL queries can be easily
parsed into a tree graph where each node represents a
table (leaf node) or a relational/computational operator
(nonleaf node).4 In such a case, if there exists a set of
configurable hardware modules where each of them
can be directly mapped to each relational/computa-
tional operator, constructing a dataflow pipeline for the
query becomes rather simple. Specifically, each node in
the graph can be mapped to a Genesis hardware mod-
ule, and each edge in the graph ismapped to a hardware
queue connecting thesemodules.

Each Genesis hardware library module operates
with a sequence of data called streams. A stream con-
sists of many data items, each of which can contain
multiple different types of fields. Each data item is
also divided into multiple flits, where a single flit repre-
sents the atomic unit of data communication and
operation. For example, when a sequence of reads
forms a single stream, each read is a data item, and
each base pair (or multiple base pairs), which is part of

FIGURE 1. Example query, its execution flow, and the genesis-generated HW pipeline.
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a base pair sequence in a read, is a flit. In general, each
module consumes (or inspects) a single flit from its
input queue(s) and generates a single output flit. The
output flit is then inserted into the output queue,
which will work as an input queue for the next module.

(1) Data Manipulation and Computation
Modules
Figure 2 shows the block diagrams for four data manip-
ulation and computation modules in Genesis hardware
library. The figure visualizes the operations of each
module with the example input/output values. Detailed
explanations for eachmodule are provided below.

Joiner merges flits from two input queues and pro-
duces a single output. For this module, a flit in an input
queue should consist of a key field and a data field.
Every cycle, this module compares keys of the flits
from two input queues and either outputs or discards
a single flit with the smaller key while leaving the other
one intact.

Filter takes input data from a single queue, checks
whether it matches the specified comparison condi-
tion (across fields or for a field and a constant), and
outputs the item if and only if the item satisfies the
specified condition.

Reducer takes a sequence of data and performs a
reduction operation (e.g., Sum, Max, Min, Count) with
a reduction tree. For this module, a reduction tree is
utilized to obtain a reduction result at a throughput of
a single flit per cycle. Note that this module can also
support reduction across multiple flits (i.e., reduction
at an item granularity).

Stream ALU takes input data from a single or two
input queues (or a single input queue and a constant
item) and performs a relatively simple unary/binary
ALU operation (e.g., NOT, ADD, SUB, CMP, AND, OR,
etc.) with data from those queues. When a single item
contains multiple values, the unary/binary operation is
performed in an elementwise manner.

(2) Memory Access Modules
Memory Reader reads contiguous data from memory
and streams the read data to the next module. Given
a starting address and the total amount of data to
read from memory, it continuously sends memory
requests to memory at a memory access granularity
(e.g., 64B) as long as its internal prefetch buffer is not
full. At the same time, this module supplies the
returned data from memory to the next module at a
throughput of a single flit per cycle.

Memory Writer writes the data coming from an input
queue to memory. It takes a single flit from the previous
module per cycle and temporarily stores it in its internal
buffer. Once its internal buffer size reaches the size of
thememory access granularity (or a specific termination
condition), it sends a write request to memory starting
from the preconfigured starting address.

SPM (Scratchpad Memory) Reader simply takes an
address from the input queue and outputs the
scratchpad read result to the output queue. It can
also be configured to read all elements in the interval
when the starting address and the finishing address
are provided. This module is also used to drain all of
its content to the output queue when a drain signal is
provided.

SPM Updater takes an address and the value from
an input queue and updates the scratchpad memory.
This module supports three operating modes. First, it
can work like a memory writer, which performs
sequential writes to the SPM buffer when provided a
starting address. It can also be configured to perform
a random SPM write, which simply writes the value to
the provided address. Finally, it can be configured to
perform a read-modify-write update with the provided
modify function (e.g., add/subtract a constant).

(3) Genomic Data Processing Modules
ReadToBases supports the ReadExplode operation. This
module takes a sequence of CIGAR, POS, SEQ, and

FIGURE 2. Block diagrams of genesis data manipulation and computation modules.
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optionally QUAL values from the input queues and pro-
duces a ReadExplode’ed table. Each cycle, this module
outputs the tuple of the reference position, the corre-
sponding base, and the quality score. The reference
position field can be Ins if the base is an inserted base.
Similarly, the base and quality score fields can be Del if
the base is deleted.

Constructing Hardware Accelerator
with Genesis Hardware Library
Genesis accelerates the user-provided query by con-
structing a hardware pipeline using multiple Genesis
hardware modules written in Chisel. For example, the
SQL query in Figure 1(a) is translated to the hardware
pipeline shown in Figure 1(c). The hardware pipeline
has five memory readers, and each reader reads the
data streams from READS.POS, READS.ENDPOS, READS.CIGAR,
READS.SEQ, and REFS.SEQ. Three of these memory readers
are connected to the ReadToBases module, which
generates a sequence of flits where each flit is a pair
of a base and the corresponding reference position.
This generated sequence is then provided as an input
to the Joiner. Unlike the reads data, the relevant refer-
ence data are mapped to an on-chip SPM to facilitate
data reuse. A single memory reader is connected to
the SPM Updater module so that it can initialize the
SPM with data from memory. The contents from this
SPM is retrieved with the SPM Reader, which takes
two inputs from the memory readers (the ones reading
READS.POS and READS.ENDPOS), reads the SPM contents for
the corresponding interval, and supplies the read data
(i.e., reference base pairs) to the Joiner. The Joiner
takes these two input sequences (i.e., one from the
read, another from the reference), performs an inner-
join, and passes the joined sequence to the Filter,
which compares two data fields (i.e., the base pair
from the read and the base pair from the reference),
and only outputs the matching items. Finally, the
Reducer module accumulates the number of matched
base pairs and passes the outcome to the memory
writer, which stores the outcome to memory. The con-
structed pipeline is fully pipelined and can process
one base pair per cycle. A single pipeline is often insuf-
ficient to fully utilize the available memory bandwidth
provided to the system. In order to fully utilize the
available memory bandwidth and achieve high
throughput, it is necessary to exploit abundant paral-
lelism in genomic data processing operations through
the use of multiple pipelines. Genesis treats each pipe-
line to be independent of each other except that they
share memory interfaces and the command interfa-
ces. This separation allows the utilization of different

hardware pipelines targeting different operations to
work together. Input/output ports of all hardware
pipelines’ memory modules are first arbitrated by a
local arbiter and then arbitrated again by one of the
global arbiters, each of which is connected to one out
of four memory channels in the system. A set of stock
Genesis modules are often enough to design accelera-
tors for data manipulation operations in the existing
gene processing pipeline. However, different genomics
data often need different treatment, and thus Genesis
is designed to support user-defined modules. Genesis
provides a standardized stream-based I/O interface
for all of its modules; a user only has to specify the
user-defined internal computation hardware in Chisel
to utilize the framework at ease.

EVALUATION
Methodology
Figure 3(a) shows the runtime breakdown of the
GATK4 Best Practices data preprocessing pipeline
with (bottom) and without (top) recently developed
hardware alignment accelerator.2 To demonstrate
Genesis’s capability to accelerate data manipulation
operations in genomic data analysis, we architected
and implemented hardware accelerators (we call each
hardware pipeline(s) constructed for a particular algo-
rithm an accelerator for the rest of this article to avoid
confusion) for three key data manipulation opera-
tions,5 namely Mark Duplicates, Metadata Update,
and the table construction phase of BQSR, which
together account for the majority of the runtime in
the data preprocessing phase of GATK4 Best Practi-
ces. Figure 3(b) shows the block diagrams for these
Genesis-generated accelerators.

We deployed Genesis-generated accelerators on
the commercial cloud using the Amazon EC2
f1.2xlarge instances. Each F1 instance contains a Xilinx
Virtex UltraScale+ VU9P FPGA card. We use a
250 MHz clock for all three accelerators. We configure
the number of pipelines to 1) the resource limit we can
fit on one FPGA card or 2) the performance limit where
an accelerator can no longer get more speedup from
parallelism due to memory or communication bottle-
necks. We used 16� pipelines formark duplicates, 16�
pipelines for metadata update, and 8� pipelines for
base quality score recalibration.

To compare our design with the software-only
implementation, we run GATK version 4.1.3 on an
Amazon EC2 r5.4xlarge instance that is memory-opti-
mized. Large memory is crucial to obtain high perfor-
mance for genomic data analysis workloads. For the
reads input dataset, we use a well-characterized
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Illumina sequencing result of patient NA12878 obt-
ained from the Broad Institute Public Dataset, and we
use GRCh38 as the reference genome.

Performance Results
Figure 4(a) shows the speedup of three Genesis accel-
erators designed to accelerate various stages of the
GATK4 data preprocessing phase over the GATK4
software implementations run on a carefully config-
ured 8-core memory-optimized CPU instance. Genesis
achieves an overall speedup of 2� on mark duplicates
stage, 19.3� on metadata update, and 12.6� on BQSR
(covariate table construction). For metadata update
and BQSR stages, per-chromosome speedups are also
presented in Figure 4(c) and (d). Considering that
these three stages take about three and a half hours
for a single genome to execute (assuming that meta-
data update perfectly scales), Genesis reduces the
computation time to process a single person’s gene
by roughly 140 min. Figure 4(b) shows the breakdown

of the Genesis framework runtime for the three stages
in the GATK4 data preprocessing phase. The figure
shows that the relatively low speedup of mark dupli-
cates stage is due to the unaccelerated software por-
tion of the stage, which is responsible for about 50%
of the baseline runtime. Furthermore, the figure indi-
cates the metadata update and BQSR speedups are
partially limited by the host-FPGA communication
(takes 53.4% and 29.5% of the runtime).

Cost Comparison
Many genomic data processing workloads exhibit a
plethora of parallelism and thus often scale relatively
well with the increased amount of resources. In such a
scenario, the cost can be a more meaningful metric
than the raw speedup itself since it considers the
amount of resources the system utilizes. We compare
the cost of running each accelerated stage in the
AWS f1 instance (1:69$/hr) with the cost of running
baseline software implementations on r5.4xlarge

FIGURE 3. GATK4 best practices runtime breakdown and block diagrams for the genesis-generated accelerators.
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instance (1:29$/hr). Compared to the baseline, Genesis
reduces the cost of genomic data processing by
2.08�, 15.05�, and 9.84� for Mark Duplicates, Meta-
data Update, and BQSR (table construction) stages.

CONCLUSION AND IMPLICATIONS
Genesis acceleration framework explores a systematic
and scalable methodology to democratize end-to-end
accelerated system development and deployment
using a software interface that is a standardized lan-
guage as a domain-specific language and a hardware
library that is composed of efficient coarse-grained
primitives. While the work specifically showcases a set
of de facto algorithms in genomic analytics, the con-
cepts articulated and demonstrated in this work
can be applied to many other domains and inspire
accelerated systems research that offers a degree of
generality without sacrificing the efficiency brought
upon via specialization.

GENESISHARDWARELIBRARY
DEMONSTRATES THAT
CONSTRUCTINGHARDWARE
ACCELERATORSBYUTILIZINGASETOF
COMPOSABLEHARDWAREMODULES
ENABLESAFLEXIBLEHARDWARE
ACCELERATORDESIGN THATCANBE
EASILYEXTENDEDORUPDATED.

In this article, we investigate commonalities
between database and genomic analytics domains by
conceptualizing genomic data as a very large rela-
tional database and mapping genomic data analytics
algorithms into one or more relational database

queries. In addition, we observe that genomic process-
ing algorithms are composed of a mixture of specific
algorithms as well as generic data manipulation opera-
tions and that the generic data manipulation opera-
tions are the common primitives that can be used
across analytics domains. These commonalities allow
the sharing, reusing, and composition of hardware
modules across domains, lowering the development
costs of highly efficient accelerated systems. These
commonalities can be applied to many other big data
analytics domains such as graph analytics.

Genesis hardware library demonstrates that con-
structing hardware accelerators by utilizing a set of com-
posable hardware modules enables a flexible hardware
accelerator design that can be easily extended or
updated. We present a systematic way for accelerator
researchers to decompose the algorithms into primitive
operations and build hardware modules that directly
map to those primitives as composable hardware blocks
that form a hardware library. The algorithms are then
composed using the hardware modules and the frame-
work for ease of development. In domains where the
algorithms are constantly changing, such as genomics,
algorithm changes can be reflected quickly by simply
updating or adding new hardware library components
and recomposing the algorithm using the framework for
rapid deployment. This development methodology can
be adopted for various domains such as machine learn-
ing, having hardware library components to execute
matrix–matrixmultiply, matrix–vectormultiply, etc.

In the world of accelerator research, efficiently map-
ping software onto custom hardware is a challenging
problem. Researchers solve this problem by either using
high-level synthesis to generate hardware or inventing
new domain-specific languages that ease the mis-
matches between software and hardware. In this work,
we advocate to leverage an already-standardized lan-
guage as the domain-specific language and construct

FIGURE 4. Performance comparison of the Genesis accelerators over baseline for three GATK4 data preprocessing stages.
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primitive operators that directly map software primi-
tives to hardware blocks to allow efficient mapping of
software to hardware. The effect of this approach is real-
ized in 1) the resultant accelerated systems achieving
one order of magnitude better performance and cost-
efficiency on FPGAs-in-the-cloud compared to multi-
threaded software, and 2) the ease of adoption of the
accelerated systems and the lowering of the barrier to
entry for non-hardware-savvy scientists to use the
accelerated systems, creating broader impacts.

ACKNOWLEDGMENTS
This work was supported in part by the Korean govern-
ment grant (NRF-2016M3C4A7952587). This work was
also funded in part by the Advanced Research Proj-
ects Agency-Energy (ARPA-E), U.S. Department of
Energy (Award Number DE-AR0000849), ADEPT Lab
industrial sponsor Intel, RISE Lab and APEX Lab spon-
sor Amazon Web Services, and ADEPT Lab affiliates
Google, Siemens, and SK Hynix.

REFERENCES
1. Y. Turakhia, G. Bejerano, and W. J. Dally, “Darwin: A

genomics coprocessor provides up to 15000x

acceleration on long read assembly,” in Proc. Int. Conf.

Archit. Support Program. Lang. Oper. Syst., 2018,

pp. 199–213.

2. D. Fujiki et al., “GenAX: A genome sequencing

accelerator,” in Proc. Annu. Int. Symp. Comput. Archit.,

Jun. 2018, pp. 69–82.

3. L. Wu et al., “FPGA accelerated INDEL realignment in

the cloud,” in Proc. Int. Symp. High-Perform. Comput.

Archit., 2019, pp. 277–290.

4. Oracle, “Database SQL Tuning Guide—SQL Process,”

[Online]. Avaialble: https://docs.oracle.com/database/

121/TGSQL/tgsql_interp.htm#TGSQL94618 (URL)

5. T. J. Ham et al., “Genesis: A. hardware acceleration

framework for genomic data analysis,” in Proc. Int.

Symp. Comput. Archit., Jun. 2020, pp. 254–267.

TAE JUN HAM is a Postdoctoral Researcher with Seoul

National University, Seoul, South Korea. Contact him at

taejunham@snu.ac.kr.

DAVID BRUNS-SMITH is currently working toward a Ph.D.

degree with the Department of Electrical Engineering and

Computer Sciences, University of California Berkeley, Berke-

ley, CA, USA. Contact him at bruns-smith@berkeley.edu.

BRENDAN SWEENEY is currently working toward a Ph.D

degree with the Electrical and Computer Engineering Depart-

ment, The University of Texas at Austin, Austin, TX, USA. This

work was done when he was an undergraduate student at

UC Berkeley. Contact him at brs@berkeley.edu.

YEJIN LEE is currently working toward a Ph.D. degree with the

Computer Science and Engineering Department, Seoul National

University, Seoul, South Korea. Contact her at yejinlee@snu.ac.kr.

SEONG HOON SEO is currently working toward a Ph.D

degree with the Computer Science and Engineering Depart-

ment, Seoul National University, Seoul, South Korea. Contact

him at andyseo247@snu.ac.kr.

U GYEONG SONG is an undergraduate student with the

Computer Science and Engineering Department, Seoul

National University, Seoul, South Korea. Contact him at

thddnrud2010@gmail.com.

YOUNG H. OH is currently working toward a Ph.D degree with

the Semiconductor System Engineering Department, Sung-

kyunkwan University, Seoul, South Korea. Contact him at

younghwan@skku.edu.

KRSTE ASANOVIC is a Professor with the Computer Science

Division, Electrical Engineering and Computer Science Depa-

rtment, University of California Berkeley, Berkeley, CA, USA.

Contact him at krste@berkeley.edu

JAE W. LEE is an Associate Professor of computer science

and engineering (CSE) with Seoul National University (SNU),

Seoul, South Korea. Contact him at jaewlee@snu.ac.kr.

LISA WUWILLS is the Clare Boothe Luce Assistant Professor

of Computer Science and ECE with Duke University, Durham,

NC, USA. Contact her at lisa@cs.duke.edu.

May/June 2021 IEEE Micro 49

TOP PICKS

Authorized licensed use limited to: Seoul National University. Downloaded on November 30,2021 at 01:35:58 UTC from IEEE Xplore.  Restrictions apply. 

https://docs.oracle.com/database/121/TGSQL/tgsql_interp.htm#TGSQL94618
https://docs.oracle.com/database/121/TGSQL/tgsql_interp.htm#TGSQL94618


<<
  /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


