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(e.g. hard disks). However, currently there is no analytical approach to know in advance what
will be the performance of a DBMS with a certain type of memory technology. This task will
provide a simulation platform that will allow us to experimentally estimate a performance
advantage of using a certain memory technology with unmodified DBMSs. We will explore
two approaches for making the simulator: (1) at the OSlevel, providing a kernel module that
extends the ramfs, and (2) a standalone architectural simulator written in software. The first
choice has the advantage of providing lower overhead and higher execution speed; however,
it cannot simulate very fast NV memories. The second choice is more general, supports all
types of NV memories, but it has lower speed of execution. For this, we will analyse two
popular simulators the GEM5, targeting a lowpower ARM type architecture, and PTLSim
modelling the AMD x86_64 architecture. During the first three months, we will select one of
these simulators as the baseline, and for the rest of the project, we will modify them
extensively so that they could model the memory hierarchy using emerging memory
technologies. By the end of the project, the simulator will run selected slices of execution from
the AXLE application workloads.
A first version of the modified simulator will be released for the partners at month 12, and will
be made publicly available at month 24.
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1. Summary
This deliverable describes the work done during the first year regarding the simulation
platform for emerging memory technologies. We explain the decisions taken when choosing
an appropriate simulation platform, and how our choice will provide a suitable platform to
explore unconventional heterogeneous architectures and memory hierarchies. Later, we
explain the process we followed to simulate PostgreSQL, our database management system
of choice, running an industry standard workload (TPCH). We introduce our simulation
methodology, which consists of simulating a modern system architecture, including
outoforder cores, 3 levels of cache hierarchies, and a configurable DRAM memory
subsystem. Our results include execution stack diagrams for the executed TPCH queries that
clearly show where execution time is spend from the hardware’s perspective, and allow us to
draw meaningful conclusions from our simulations. We conclude with a summary of future
directions of research using emerging memory technologies and 3D stacking, which we
anticipate will be of interest given the initial results obtained using our first version of the
simulator.

2. Analysis / Description of work done
In this section we describe the process that we followed to select an appropriate simulation
platform to simulate DataBase Management System (DBMS) workloads. We then describe
the necessary steps to run our DBMS of choice, i.e. PostgreSQL, inside the simulator. We
conclude with a set of results that characterize the PostgreSQL execution from a hardware
perspective, showing where time is spent (e.g CPU, branching, memory). These results will
guide our research in the months to come regarding emerging memory technologies and
advanced hardware architectures that might include specialized accelerators and novel
manufacturing technologies like 3D stacking.

2.1 Selection of an appropriate simulation platform
Our simulator selection process was based on the fact that a DBMS with relatively long
running workload executions had to be efficiently and effectively simulated. We looked at the
TPCH workload [TPCH], which is a decision support benchmark that consists of a set of
business oriented queries designed to have a high degree of complexity and give answers to
relevant business questions. These queries can run from a few seconds to a few tens of
seconds even for small data sets. Furthermore, depending on the query plan, very complex
behaviour could be observed, necessitating the simulation of large and detailed program
segments.
DBMS workloads have very distinct characteristics when compared to traditional High
Performance Computing (HPC) benchmarks. Simulations of HPC workloads are usually
conducted by performing extremely detailed simulation of code regions, which would run for
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only one second on real hardware, but that could run for several hours if executed inside a
simulation environment that has fullsystem capabilities, i.e. that simulates an operating
system and the hardware architecture in great detail. Furthermore, simulating processors with
large caches becomes increasingly challenging because the slow simulation speed does not
allow for simulating huge dynamic instruction counts in a reasonable amount of time.
In cases where simulation times become infeasible, a common approach is to simulate a
fixed number of instructions after a warm up period. This approach has proven to be effective
in HPC benchmarks if the period of instructions simulated is large enough to capture the
workload’s behaviour in different phases. For long running benchmarks like TPCH,
simulating an entire query using a fullsystem simulator would take an infeasible amount of
time (several days).
Industry simulators typically run at a speed of 1 to 10 kHz. Academic simulators, such as
GEM5 and PTLSim are not truly cycleaccurate compared to real hardware, and therefore
they are typically faster, with simulation speeds in the tens to hundreds of KIPS (kilo simulated
instructions per second) range. One popular solution that newer simulators make use of in
order to increase simulation speed is to employ sampling, or to simulate only a few simulation
points. These simulation points are chosen either randomly, periodically or through phase
analysis.
For the reasons mentioned above, and after initial testing using fullsystem simulators like
GEM5 [Gem5], we decided to advocate for nextgeneration simulators that have been
proposed recently, e.g. Sniper and Zsim [SniperSC11, ZsimISCA13].
2.1.1 The Sniper Simulator
Sniper is built on Graphite, which runs x86 binaries, enabling to run existing workloads without
having to deal with porting issues across instructionset architectures (ISAs). Graphite does
so by building upon Pin [Pin], which is a dynamic binary instrumentation tool, used as the
functional simulation frontend. Pin dynamically adds instrumentation code to a running x86
binary to extract instruction pointers, memory addresses, executed instructions, register
content, etc. This information from Pin is then forwarded to a Pintool (Sniper in our case)
which estimates timings for the simulated target architecture. Sniper also adds a shared
multilevel cache hierarchy supporting writeback firstlevel caches and an MSI snooping
cache coherency protocol to Graphite.
Sniper offers the combination of a highly accurate core model, with a fast and parallel
simulation infrastructure. This combination provides accurate simulation with high
performance, up to 2 MIPS. A key beneﬁt of Graphite, inherited in Sniper, is that it is a parallel
simulator by construction. A multithreaded program running in Sniper leads to a parallel
simulator. Sniper thus has the potential to be scalable as more cores are being integrated in
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future multicore processor chips.
Pin is instructed to add analysis routines, which send detailed instruction information to
Sniper’s timing models. By changing which analysis routines are enabled, one can efficiently
switch into a functional simulationonly mode which runs at nearnative execution speed (by
adding no analysis routines), simulate just caches and branch predictors for functional
warming (by instrumenting only memory operations and branch instructions), or detailed
simulation using the provided core, interconnection and memory models (by placing
additional instrumentation calls).
Even under a detailed simulation mode, simulations are at least two orders of magnitude
faster than fullsystem simulators allowing execution of entire queries using small input sets in
a reasonable amount of time. In addition, these simulators have other compelling features that
we might exploit in the future, for example, accurate sampled simulation techniques for
multithreaded workloads [SniperISPASS13].
Sampling is done by periodically simulating detailed performance models during intervals of
a predetermined length, separated by periods of nondetailed simulation. In contrast to
singlethreaded simulation, it keeps track of simulated time, and maintain interthread
dependencies through shared memory and synchronisation events, even while
fastforwarding. Application periodicity needs to be taken into account to prevent detailed
sampling intervals from aliasing with the application’s periodic behavior, affecting both the
fastforwarding IPC and overall runtime prediction. In Sniper, a methodology to determine
application phases and periodicity is used to select the appropriate options for the required
speed and accuracy tradeoffs. Through the use of microarchitecture independent methods
of detecting periodicity, sampling parameters are derived upfront to allow for accurate
runtime prediction.
Due to source code availability, our initial simulation environment is based on Sniper,
however, as Zsim becomes available we might incorporate some features from it. This should
be a straightforward process since both simulators follow the same philosophy and rely on
Pin as its application programming interface (API). A caveat of these simulators is that they
only simulate an application’s userspace code, but solutions can be put in place to simulate
systemcalls with the details deemed necessary for a given workload. Simple solutions may
use fixed costs for specific system calls, and more elaborate solutions could be implemented
by adding an additional layer that simulates interactions between system calls. However,
having simulations that are detached from the kernel (non fullsystem simulations) can also be
an advantage, as it will allow us to simulate architectures that would not be supported by
current kernels, such as heterogeneous architectures (combining different core models and/or
specialized accelerators), or unconventional memory hierarchies.
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2.2 First internal release of the simulator platform
This subsection describes the first internal release of the simulation platform that will be used
from this point forward to investigate how emerging memory technologies and 3D stacking
techniques can improve the performance of workloads that use very large data sets.
As stated before, the simulator is based on Sniper and its infrastructure. In the following
subsections we describe the process we followed to integrate the workloads we are initially
interested in, and how we configure the simulator to do an initial study to characterize how the
hardware is being utilized when executing such workloads. We then describe the
measurements and metrics we use to perform our initial evaluation in order to understand and
to pinpoint potential bottlenecks present in current architectures.
Our initial simulation infrastructure does not include a kernel module. This is due to the fact
that the chosen infrastructure is fast enough to relegate the anticipated need for a quick way
to assess performance of DBMS executions.
2.2.1 Preparations to simulate PostgreSQL running TPC-H
Our main initial focus was to evaluate the PostgreSQL DBMS running the TPCH suite of
independent queries. In order to capture the region of interest (query execution) and not to
simulate sections of the DBMS that are spurious to our study, such as the DBMS startup and
shutdown code regions, we modified the PostgreSQL sources to use Sniper “hooks” that let
the simulator know when a certain region of interest (query execution) starts and finishes.
These hooks were added and the source code was compiled with appropriate libraries to run
successfully inside the simulator. These hooks also allow the simulator to avoid dynamic
instrumentation of the code outside the region of interest allowing for nearnative execution
speed of these sections of code, known as fastforwarding. The simulator later can switch to a
detailed simulation mode when the region of interest is reached and switch back to
fastforwarding when it finishes. This approach saves a substantial amount of simulation time,
allowing us to simulate in detailed mode the entire query execution in an acceptable period of
time.
The release of the simulator thus includes the modified PostgreSQL sources along with a set
of scripts that automate its compilation, manage simulator executions, gather statistics of
interest in practical formats, and generate appropriate charts. This infrastructure will be
maintained and extended as more workloads are included or new features added to the
simulator.
2.2.2 Simulation methodology for initial evaluation
For our initial set of results shown in this study, we chose to configure the simulator to mimic
an outoforder processor modeling the Intel Nehalem processor. In particular, we model the
Xeon X5550 Gainestown, which will allow us to see how our DBMS and workloads of interest
D4.4 Simulator release for the emerging memory technologies
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behave in current architectures of today. Table 1 lists the main characteristics of the simulated
architecture. Only the region of interest of each query is included in our measurements,
fastforwarding was used during the startup and cleanup phases, and detailed simulation
used during the entire region of interest. PostgreSQL was compiled using GCC 4.6.3 for
x86_64. For our simulations we populated a 1GB database using the TPCH data generator.
We generated all the necessary indexes and set an appropriate PostgreSQL configuration to
attain good performance. Larger databases would require simulation sampling
methodologies [SniperISPASS13], which we have started to explore and will use in
subsequent studies when using larger data sets. All queries were run on different
PostgreSQL server instances to ensure isolation and correct measurements.
Component

Parameter

Processor

4 outoforder cores

Core

2.66GHz, 4way issue, 128entry ROB

Branch predictor

Pentium M, 15 cycles penalty

L1Instruction cache

32KB, 4 way, 4 cycle access time

L1Data cache

32KB, 8 way, 4 cycle access time

L2 cache

256KB, private, 8 way, 8 cycle

L3 cache

8MB, shared, 16 way, 30 cycle

Main memory

45ns access time, 7.6GB/s per socket

Table 1: Simulated architecture parameters
In order to have a good insight of how the simulated queries behave, we chose to use a
technique that employs cycle per instruction (CPI) stacks [SniperIISWC11]. The total cycle
count for a running computer program can be divided into a base cycle count plus a number
of cycle components that reflect lost cycle opportunities due to miss events such as cache
misses. Cycle stacks are a good way to understand an application’s behaviour providing a
deeper insight into possible bottlenecks than what can be inferred from plain statistical data.
Each cycle component represents the amount of execution time that can be attributed to that
type of event. Table 2 lists the stack components we use later and a brief description of each.
As an example, contributions related to the memory hierarchy (starting with mem), indicate
that a cache miss was resolved by that particular component.
In the figures that follow, we demonstrate a set of CPI stacks that represent an entire query
execution and other stacks with respect to time for two selected queries, which help us
understand the different execution phases that take place throughout the execution of a query.
D4.4 Simulator release for the emerging memory technologies
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A table with raw statistics is also provided for completeness. Due to simulation time
constraints in our infrastructure, we could not complete the simulated execution of queries 1
and 18.
Component

Description

base

Base cycle count, core busy with no miss events.

dependint

Amount of time the processor is stalled as a result of an integer
instruction dependency.

dependbranch

Amount of time the processor is stalled as a result of a branch
instruction dependency.

issueport2

Amount of time stalled to issue a load request to memory.

branch

Amount of time lost due to branch mispredictions.

ifetch

Amount of time lost due to instruction cache misses.

meml1d

Amount of time spent waiting for data that resulted in an L1D hit.

meml2

Amount of time spent waiting for data that resulted in an L2 hit.

meml3

Amount of time spent waiting for data that resulted in an L3 hit.

memdram

Amount of time spent waiting for a DRAM access.

Table 2: Architectural components shown in CPI stack charts.

2.3 Evaluation results
2.3.1 CPI stacks of evaluated queries
Using cycle stacks allows us to easily identify performance bottlenecks for the executed
queries, and help us draw meaningful conclusions that will drive the research to be done in the
upcoming months.
Figure 1 shows the CPI stacks for the evaluated TPCH queries. Overall it can be observed
that the memory components (green) account for a large fraction of time. This fact is
expected to be exacerbated when using larger databases. This suggests that most queries
are memory bound, since the fraction of time where the CPU is busy with no miss events
remains below 30%. As noted in previous research [ClearClouds12], instruction cache
misses can be a significant performance bottleneck, this is because DBMS can have large
instruction footprints that do not fit in the first level instruction caches. Moreover, due to the fact
that nowadays large caches with large access times are used in the upper levels of the
memory hierarchy, instruction misses of potentially performancecritical instructions are
D4.4 Simulator release for the emerging memory technologies
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further penalized [ScaleoutISCA12].

Figure 1: CPI stacks for evaluated queries.
Note that while the base component definition states that there are no miss events, it could be
further improved by using more efficient ISA instructions or specialized accelerators that can
perform the same operations in a reduced amount of time. Dependencies amongst
instructions are currently not a critical bottleneck due to the memorybound nature of the
workloads, even though the simulated architecture can issue up to 4 instructions per cycle.
However, these might need to be considered in the future if our improvements in the
architecture put more pressure into a core’s resources. Contention to issue load instructions
is already a noticeable component (issueport2) of the execution time, and is likely to become
worse as the workload shifts to a more CPU intensive behaviour when making improvements
in the memory hierarchy. Possible solutions might include additional ports in the caches to
alleviate contention for load requests. Additionally, we observe that this kind of workloads
have poor branch prediction hit rates throughout all query executions. The branch predictor is
modeled after the Pentium M [BranchPredictor] branch predictor.
2.3.2 CPI stack histograms: Understanding query behaviour over time
In the previous subsection, we have shown breakdowns for each of the evaluated queries,
however, these breakdowns do not help us to understand the behaviour of a query throughout
its execution. For this purpose we make use of histograms of CPI stacks over time. This
feature is also part of the Sniper infrastructure and is quite helpful in order to determine which
kind of different phases these queries present, if any. We show the CPI stack with respect to
time for two queries, q16 which is the most CPU intensive, and q07 which is the most
memory intensive.
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Figure 2: Normalized CPI (top) and IPC (bottom) with respect to time for query 16.
CPU-intensive query (q16)

Figure 2 shows the results for the query with the highest average CPU utilization, however,
note that it is still memory bound during most of its execution time. After an initial phase of a
nearflat instruction per cycle (IPC) rate of around 1.1, with high L1Data cache usage, but still
significant time spent in DRAM accesses, the execution changes to a more CPU intensive
phase with an IPC of almost 2 instructions. The core has a theoretical maximum IPC of 4
(4way issue core). We notice that when the core achieves an IPC of 2, the time spent in the
memory hierarchy is almost entirely contained at the L1 cache level. L1D utilization remains
high throughout the execution, indicating that the amount of memory (load and store)
instructions is high. The drop in performance at time 1.35M us (microseconds) is due to
instruction cache misses (ifetch), suggesting that a different cache hierarchy might be able to
improve such a scenario.
Memory-intensive query (q07)

Figure 3 shows a memory intensive query, spending a large percentage of the execution time
servicing data from the DRAM subsystem. An initial phase can be observed where the IPC is
low due to (1) instruction cache misses and (2) a significant amount of offchip accesses to
DRAM. Later, a second phase starts where an even lower IPC is observed (around 0.6) due
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to an even larger number of accesses to main memory. In this second phase, instruction
misses stop being a limiting factor to higher performance and over 60% of the execution
cycles are spent in the upper levels of the memory hierarchy.

Figure 3: Normalized CPI (top) and IPC (bottom) with respect to time for query 7.
2.3.3 Performance statistics of evaluated queries
Table 3 shows a set of statistics for the executed queries of TPCH: number of simulated
instructions (in billions), instructionspercycle (IPC), real execution time (without simulation),
branch prediction misses per kilo instruction (MPKI), L1 instruction and data caches MPKI, L2
and L3 MPKI, and DRAM accesses per kilo instruction (APKI). Note the large number of
instructions that has been simulated, whereas usually a few hundreds of thousands of
instructions are simulated in fullsystem simulators. However, all simulations even the ones
with more than 20 billion instruction finished in less than 24 hours (queries 1 and 18 took
more than 24 hours to complete). The average IPC is lower than 1, being rather low for an
outoforder core that can issue up to 4 instructions per cycle. Branch mispredictions remain
quite high across all executions, and a recurring problem regarding L1 instruction misses can
also be seen from the data, with up to 22MPKI in query 11. The number of DRAM accesses
presents variation across queries ranging from 0.36 to 2.67 APKI, these numbers are likely to
increase when using databases with larger data sets.
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Query
num.

Num.
Instr.

IPC

Real
Branch L1I
time (s) MPKI
MPKI

L1D
MPKI

L2
MPKI

L3
MPKI

DRAM
APKI

2

1.77B

0.89 0.75

4.88

14.82

2.95

1.81

1.19

1.73

3

6.90B

0.97 2.67

3.38

10.65

3.89

1.94

0.86

0.98

4

20.9B

1.07 7.39

3.82

1.46

1.42

1.40

1.18

1.50

5

2.66B

0.88 1.14

4.48

13.87

4.47

2.24

1.00

1.38

6

4.69B

1.03 1.72

5.24

3.75

1.68

1.52

0.67

0.81

7

5.25B

0.72 2.73

3.57

7.42

5.75

5.18

2.30

2.67

8

1.44B

0.86 0.63

3.46

14.47

4.72

2.53

1.38

1.70

9

20.3B

0.84 9.05

4.76

14.65

6.45

1.57

0.82

0.96

10

14.6B

0.98 5.57

5.03

3.37

2.48

1.51

1.11

1.23

11

0.63B

0.84 0.28

4.18

22.32

1.89

1.42

0.79

1.16

12

8.25B

1.07 2.90

3.33

4.49

2.11

1.77

1.09

1.48

13

9.74B

0.78 4.69

6.41

3.37

3.27

3.22

1.67

2.02

14

1.63B

0.88 0.70

4.91

12.53

2.19

1.75

1.02

1.40

15

4.66B

0.92 1.90

6.09

8.93

1.93

1.63

0.49

0.63

16

5.90B

1.31 1.69

2.83

3.21

1.16

0.98

0.43

0.53

17

1.93B

0.87 0.83

5.05

16.05

2.17

0.74

0.28

0.36

19

18.2B

1.00 6.85

5.13

2.43

1.27

1.06

0.91

0.96

20

0.87B

0.91 0.36

4.27

14.34

4.17

1.63

1.07

1.44

21

8.59B

0.88 3.65

4.31

12.43

5.76

1.83

1.08

1.23

22

2.04B

1.19 0.65

3.67

5.11

1.44

0.50

0.43

0.51

Table 3: Statistics of simulated queries

3. Future work: incorporating NVRAM and 3D stacking
One of the objectives of the AXLE project is to evaluate how the database engines and the
query executions would behave using emerging memory technologies, such as NonVolatile
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RAM Memory and 3D stacking. The performance of a DBMS with each type of novel memory
technology can help adapt DBMS for better performance in the future.
NonVolatile RAM (NVRAM), such as ferroelectric RAM, magnetoresistive RAM, or
phasechange memory (PCM), is an emerging and radical trend seen as a promising solution
for future extremely large volumes of data. In contrast with the regular RAMs, NVRAM does
not lose its contents when its power is turned off. As such, NVRAM provides long term data
retention just as current hard disks do. In addition, the NVRAM technology scales very well
with the shrinking CMOS technology nodes. However, the latency and the bandwidth of
NVRAM solutions vary significantly between various technologies and the levels of maturity.
The slowest NVRAM solutions are on the level of flash memories, and the fastest NVRAM
solutions can be compared to fast SRAM caches present in processors.
3D stacking allows the integration of two or more layers of active electronic components. It is
not yet widely used, mostly due to technological issues such as yield, heat, and the design
and testing complexity of chips with 3D stacking. However, many hardware vendors are
pushing the advancements in 3D stacking, in the hopes of solving many of the problems of
today’s chips, such as reducing the footprint, reducing the cost and increasing the yield,
decreasing the power usage, allowing new design possibilities and, most importantly, offering
a higher bandwidth of data transfers.
Emerging NVRAM memory technologies could significantly simplify the implementation of
DBMS, since the data does not have to be committed to permanent storage. NVRAM and 3D
stacking can reduce the latencies and improve the bandwidth. This can directly accelerate the
execution of unmodified DBMS.
The emerging NVRAM technologies offer speeds that fall between DRAM and flash drive
ranges. 3D stacking allows mixed memory technology systems, where regular DRAM and
emerging NVRAM are used on the same chip but on different layers. Bearing in mind that
RAM chips are one of the most significant sources of power dissipation, this can allow
powering off some layers of the chip, and reduce the power consumption.
Using the insights gathered in this report and after further profiling, we will focus on exploring
different memory hierarchies to improve execution of DBMS by using the mentioned
technologies. Of special interest will be hybrid memory systems that combine DRAM (fast but
nonscalable) and different emerging NVRAM technologies (slower, scalable, and
nonvolatile) architected to exploit the best characteristics each technology provides.
Reduction of instruction cache misses and data placement closer to processing cores, by
using 3D stacking technologies, can provide significant performance improvements.
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