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A B S T R A C T

The growing trend of pervasive computing has consolidated the everlasting need for power efficient devices.
The conventional cache subsystem of general-purpose CPUs, while being able to adapt to many use cases,
suffers from energy inefficiencies in some scenarios. It is well-known by now in the academic literature
that the utilization of a scratchpad memory (SPM) can help reducing the overall energy consumption of
embedded systems. This work proposes a hybrid cache-SPM architecture with support logic for semi-transparent
data management and spatial locality improvement. Selected data are transferred and stored in the SPM
in a compact form using dynamic layout transformation. As a second major contribution, we introduce a
methodology to identify memory access sequences that make an inefficient use of the cache, marking them
as candidates to be moved to an SPM of constrained space. The methodology does not require access to the
source code of the target applications, relying on binary instrumentation and offline profiling. The resulting
mapping policies have been tested on a simulated system, showing a mean memory dynamic energy reduction
of 43% and a mean speed gain of 13% with a representative benchmark set.
1. Introduction

Embedded microprocessors are employed in a large number of con-
texts in the contemporary era. Whichever the application field, there is
a constant need for data collection, processing and transmission, and
a trend to distribute the computation across the different nodes of a
network, even with different capabilities. The emerging paradigms of
Internet-of-Things and Edge Computing are excellent examples of the
phenomena described above. In this scenario, application processors
are flexible enough to perform a variety of computation tasks, but they
must be energy efficient since they are usually battery-operated and/or
employed in dense networks. For this reason they are a good target
for optimizations that leverage the specific behavior of the executed
applications.

Modern CPUs make use of integrated memory hierarchies to keep
data copies closer to the processing elements and reduce the data access
cost. However, traditional hardware-controlled caches present sources
of energy inefficiency by design: first, several ways may be accessed in
parallel to reduce latency, at the cost of a higher consumption. This
typically happens with cache levels closer to the CPU, in case of a
multi-level hierarchy. Secondly, large fixed-size cache blocks are used

∗ Corresponding author at: Universidad Complutense de Madrid, DACYA, Av. Séneca 2, Madrid, 28040, Spain.
E-mail address: tommarin@ucm.es (T. Marinelli).

to exploit spatial locality, which entails wasting bandwidth, space and
energy when most words of the block are not used before replacement.

In the last few decades, researchers have been exploring the possi-
bility to adopt scratchpad memories (SPMs) as an alternative to CPU
caches [1–3]: these are on-chip memories which are directly accessible
by the processor – through specific load/store instructions – and do not
need to be managed by the cache controller. Being intrinsically simpler,
they have better latency and energy characteristics compared to caches
of the same size [4,5]. This is also shown later in this article, with the
data presented in Table 3, extracted with a widely employed memory
modeling tool [6]. The drawback is that the complexity is transferred
to the software, which must be programmed to perform explicit data
management on the SPMs. For this reason, a hybrid solution (as in
Fig. 1) can be beneficial, where one or more SPMs are added to the
memory system and used only when convenient [7,8].

In this work, we propose a hardware solution for data manage-
ment in hybrid cache-SPM memory subsystems, supporting data layout
compaction for better spatial locality, aiming at an improved energy
consumption. Details are provided on which components have be added
to an existing processor design to achieve such goals. We call the
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Fig. 1. Example of hybrid cache-SPM architecture.

esulting new architecture COMPAD (from the words compaction and
cratchpad).

At the same time, we propose a profiling-based methodology to
dentify cache-inefficient access patterns in applications, and a place-
ent policy to decide which data to serve from the SPM given its

pace constraints. Our methodology does not require access to the
pplications source code, and operates on traces generated after bi-
ary execution. Many works use analytical methods to identify access
atterns from the code itself, enforcing data placement policies by
dding new instructions and recompiling the program. However, in
n industrial context it is a common scenario to employ third-party
inaries and libraries, or legacy software where the source code is not
vailable any longer. Our approach relies entirely on dynamic binary
nstrumentation [9] to get the needed information. The method we
ropose is dynamic in the sense that the data placement and movement
re performed at runtime, but involves a first offline profiling pass to
etect the memory access behavior of target applications and elaborate
placement policy for subsequent executions. The assumption is that

he program behavior does not change significantly with different input
ata. This is true for a wide class of embedded applications, which is
ompatible with our focus. We believe that the SPM mapping policies
nforcement can be applied to binaries as well, using static binary
nstrumentation, given the small amount of custom instructions to
nject, but this is left for future work. Here, the effect of the policies
s evaluated through high-level simulation (see Section 6).

The target of the proposed optimizations are loop-dominated ap-
lications. We can find that such kind of workloads are employed
n a wide series of domains, like image processing [10,11], video
ecoding [12], scientific computation, statistical analysis, artificial in-
elligence, etc. In this work, the methodology has been tested on a
epresentative series of numerical computation applications from the
uite PolyBench/C [13]. We present a specific use case in Section 3, to
how which characteristics can be exploited for our optimizations.

We have decided to center our analysis around the heap memory
egion, which contains dynamically allocated data, since it is the most
elevant in applications where the core objects are created at run-
ime, which could be the case if their size depends on input data.
n PolyBench/C, all the arrays used in the kernels computation are
ynamically allocated by default.

The contributions of this work can be summarized as follow:

• Modeling of architectural support for data management in a
hybrid cache-SPM architecture with layout compaction, to reduce
cache inefficiencies with specific workloads.

• A methodology to analyze applications memory utilization and
detect patterns in memory accesses.

• An algorithm for data partitioning between cache and scratchpad
using data reuse and layout compaction information.

• An estimation of the impact of the proposed solution on a sam-
ple architecture through software simulation, with representative
application benchmarks.

. Related work

The idea of employing scratchpads in the memory hierarchy has
een widely explored by the scientific community. This concept has
2

een applied to instructions as well as data.
For very simple systems without a MMU, a methodology was de-
eloped by Egger et al. [14] to map code portions to the SPM and
void continuous fetching from an external memory. Another work
rom Janapsatya et al. [1] used a SPM as a replacement for L1I (first
evel instruction) cache, mapping highly utilized code segments to the
cratchpad for energy and performance improvements.

Works involving the mapping of data to scratchpads on embedded
ystems can focus on different memory regions, according to type of
eference applications and the solutions employed. A part of the studies
ocused on global and stack data [2,15,16], while others covered data

dynamically allocated in the heap [3,17], which size is not known at
compile time.

A technical report from Banakar et al. [5] presented a size-varying
comparative analysis of caches and scratchpads, using the SPM to store
frequently used portions of both code and data. They generated an
energy and area model for both devices and extracted performance data
through simulation, showing that a scratchpad wins in every aspect if
the memory size is big enough. Unlike our work, their analysis had
a microcontroller as target, using an SRAM-based main memory and
small benchmarks where changing the SPM content is never needed.

Besides embedded systems and single-core devices, scratchpads
have also shown to be effective in more complex contexts. For example,
is possible to find some proposals of compiler-assisted techniques
to optimally exploit on-chip SPMs in many-core architectures with
scientific and HPC workloads [18,19].

Emerging non-volatile technologies have also been considered as an
option for scratchpads, usually mixed with conventional SRAM, with
placement policies that take into account their characteristics [20–22].
Although emerging non-volatile memories show interesting proper-
ties, we believe that SRAM-based memories will still be dominant in
commercial architectures for a long time, especially at the L1 level.
For this reason, in this paper we have performed experiments based
only on SRAM scratchpads. Still, our concepts are applicable to any
L1-oriented memory technology, only the evaluation functions in the
analysis methodology would have to change, e.g. to take into account
asymmetric read/write latencies or endurance considerations.

Up to this point, we have only reported solutions where scratchpads
are used as a replacement of caches. Chakraborty et al. [7] proposed
an allocation heuristic for data in both fixed and reconfigurable-size
cache-SPM systems, and a partitioning algorithm based on application
requirements. Zhang and Wu [8] explored different on-chip cache and
SPMs combinations, using a simple instruction/data mapping policy to
improve energy consumption in an embedded context. These solutions
are closer to what we propose, but do not address the inefficiencies of
applications which do not make full use of the cache lines.

Several works are present in literature which try to solve the poor
data spatial locality problem in hardware. Seshadri et al. [23] proposed
a gathering-scattering enabled DRAM, which distributes the data of
a strided pattern among different chips of the same DRAM module,
to fetch them with a single command to a compacted cache line. A
similar idea had already be explored in Impulse, a smart memory
controller proposed by Carter et al. [24] that allows continuous-to-
strided addresses mapping using shadow memory, providing efficient
access and caching of compacted elements. Another work from Zhang
et al. [25] aims at extending the AXI4 protocol to support bus packing
in case of irregular workloads, integrating their solution into an existing
RISC-V vector processor to improve its overall energy efficiency. These
solutions do not involve the use of scratchpad memories, but only focus
on data compaction rather than reuse. Additionally, the fact that no
SPM is employed does not imply that these solutions do not require
software modifications to operate. This is only avoidable by imple-
menting a pattern/stride detection controller and dynamic remapping
mechanism, which comes at a higher hardware complexity cost and
possibly lower performance.

Instead of having separate devices, Komuravelli et al. [26] proposed

a work where they combine aspects of the caches and scratchpads to
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Fig. 2. Motivating example with exploitable characteristics (benchmark: correlation)
Fig. 3. Dynamic data layout compaction.

efine a new memory organization and get ‘‘the best of both worlds’’
direct addressing and compacted storage as in an SPM, global visibility
nd implicit data movement as in a cache). That work tries to address
he same problems as ours, but focusing on GPUs. Moreover, there is
ot any proposed automatic analysis of access patterns, and manual
rogrammer intervention is always required.

There are previous works that focus specifically on application
nalysis. A general methodology for data objects identification and
attern extraction was proposed by Ji et al. [27]. Our work follows
he same steps for this part of the problem, while using Pin [9] also for
he data objects detection pass.

In conclusion, to the best of our knowledge, none of the published
ardware–software solutions properly addresses all the issues which we
ave identified in the introduction.

. Motivating example

Since we want to reduce inefficiencies derived by the use of the
ache, the main metrics in our analysis are the amount of data reuse

and degree of possible compaction in the address space. Scratchpad
memories generally have a better energy per access compared to caches
of the same size – as shown later in Table 3 – so it is convenient
to use them to provide data which are frequently accessed within a
certain time frame (reuse). Furthermore, in the proposed solution the
SPM can be contiguously filled with non-contiguous data from the
main memory, with a granularity minor than a cache line, reducing
unnecessary data exchange in the memory system with sub-optimal
access patterns (compaction).

Before proceeding to a more formal description of the methodol-
ogy, we would like to present a sample case where it proves to be
effective. The example originates from one of the benchmarks used in
the experimental part. In Fig. 2 we show some of the memory accesses
targeting a certain data object of the sample application during one
3

long phase of execution. The x axis represents the order of the accesses
as they are emitted by the CPU, while the y axis represents the relative
position in the data object address range, starting from zero. The global
pattern of the analyzed phase (Fig. 2(a)) is a repetition of line-shaped
accesses. Each one of the represented lines, which we call intervals, is
a sequence of 520 read accesses to memory. If we look at Fig. 2(b),
which simply depicts a closer view of an individual interval, we can
see that the sequence is not really linear, but divided in couples of
points. The stride between each first point of the couples is 1920, and
their addresses remain constant between subsequent intervals, i.e. only
the second element of the couples change. This already gives us an
important information: half of the data can be recycled among different
iterations, and only 260 words have to be transferred from the main
memory, which means that there is a good amount of data reuse
between intervals that can be exploited.

The second points in each of the couples in Fig. 2(b) have the
same stride, but they have an offset compared to the first points which
increases at each iteration, with increments of 8 bytes each. After the
first few iterations, with the growth of the gap between the two points,
each access ends up targeting (and possibly carrying to the cache)
a different cache line, for a total of 520 individual lines. This even
saturates the capacity of a 32KiB cache, which is able to store up to
512 lines. For these considerations we are assuming a standard cache
line size of 64 bytes.

As illustrated in Fig. 3, our proposal is to compact the layout and
fetch only the elements that will be accessed in the closest time frame,
according to profiling information. In the case of the loop just described
(in ‘‘steady state’’), given that each access targets a 64-bits word, if data
are stored in the SPM discarding the redundant elements in their cache
lines, they will occupy 1/8 of the original space, i.e. 65 equivalent
cache lines. Saving compacted data in the SPM has the additional
positive effect of not polluting the cache and leave it free to serve other
accesses.

4. Methodology

In this section we present the different steps of our systematic
methodology, from the applications memory behavior profiling to the
mapping decision algorithm. In essence, the goal is to understand how
the application accesses memory, identifying patterns with ‘‘cache-
inefficient’’ characteristics than can be mapped to a scratchpad memory
to save energy. The analysis is entirely based on memory access metrics
which are indirectly connected to the energy consumption. The out-
come of the mapping policies, applied to a relevant benchmark set in
a sample system, is shown in Section 7.
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Fig. 4. Example of identifiable access patterns.
.1. Memory utilization

This phase consists in an offline profiling of the target application
o learn the way it uses memory, identifying the totality of structures
llocated in the heap and dumping a detailed access trace for each of
hem.

Many software applications, especially commercial ones, come in
orm of compiled binary, without any detail about the original source
ode. For this reason, it is not possible to obtain detailed information
n memory utilization through code analysis, unless decompilation
echniques are employed — which are effective only to a limited
xtent. The approach adopted for this phase is based on dynamic binary
nstrumentation (DBI). Instructions executed by the target application
re modified at runtime to include custom analysis routines. For this
ask we developed a tool which relies on the Pin [9] instrumentation
ramework and is partially based on previous work from Chakraborty
nd Panda [28].

When an application is run under the Pin framework, the pro-
rammer can specify what analyses to conduct on it by means of a
intool. There are different points where the execution can be stopped
o inject the extra code. In this case, the instrumentation happens
ith a trace granularity. A trace represents a portion of code with a

ingle entry point and multiple exit points. In each trace, any call to C
ibrary memory allocation functions - i.e. malloc(), calloc() and
osix_memalign() - is detected, with the help of the symbol table.
t this point, the found calls are surrounded by analysis routines to
xtract the function arguments and return value, then the execution is
esumed. The relevant extracted parameters are the start address and
ize, which allow to determine the boundaries of the reserved memory
rea. This part of the tool was reused from Chakraborty’s and Panda’s
ode,1 with minor modifications.

We define as data object each of the memory pools resulting from
dynamic memory allocation call. In case of more complex structures

t is also possible to cluster multiple calls from the same code region
using information about the instruction pointer and call stack – and

onsider them as a single object, but this has not been needed for the
pplications used in this work.

Our Pintool, other than dumping information about the data objects,
s able to keep track of the memory accesses targeting such structures.
or each of the objects, a detailed access trace is generated, which is
ater fed to the pattern analysis tool. This is achieved by instrumenting
ach load and store instruction of the executed binary, performing a
ange check and – if positive – dumping basic information: request type,
ddress and size.

For the rest of the steps of our methodology, we do not rely on third-
arty frameworks, but we employ custom utilities developed with an
xtensive use of scripting languages, mainly Python.

1 https://www.cse.iitd.ac.in/~panda/spm-sieve/
4

4.2. Pattern analysis and classification

The following step consists in the analysis of the memory access
traces, to identify patterns and properties that can be later used to
select candidates to be moved to the SPM. For a better detection of
the patterns, each data object is analyzed independently. The global
view on the application is not lost though, as the resulting information
is merged back at the end of this phase.

Any series of ordered memory accesses which fulfills some prede-
termined regularity criteria is classified as interval. The concept was
already introduced in Section 3. Specifically, these are the interval
types that the tool is able to detect:

• Sequential: a series of subsequent accesses that span the address
space with a certain stride (Fig. 4(a)).

• Interleaved: a series of sequential patterns mixed together in time
(Fig. 4(b)). These mixed patterns may or may not have the same
stride. The patterns previously shown in Fig. 2 belong to this
category.

• Signature-based: a generally irregular pattern that repeats itself
over short periods of time (Fig. 4(c)).

Any other sequence is considered irregular and not classified. It is
important to note that the presented categories are already able to
cover cases that go beyond simple stride-based loop codes. In the
benchmarks selected for the experimental evaluation, more than 99%
of the accesses are classified and fit one of these pattern definitions.

Intervals can be of variable lengths, which depends on the starting
and ending points of the regular behavior. Nonetheless, some minimum
and maximum boundaries on the length are configurable in the tool,
to avoid spurious detections or to fragment bigger intervals in smaller
units, e.g. to guarantee that each one of them can fit the SPM size.

In this methodology, intervals are the minimum units that can be
mapped to an SPM, and the scheduling of data movement is based on
their boundaries. Operating with this granularity does not always result
in optimal choices, since some reuse between phases can be missed and
more data than necessary moved. For this reason, we perform grouping
on contiguous intervals which share the same characteristics, if it brings
some benefits. Given that the pattern detection mechanism has the
ability to identify multi-level loops from contiguous intervals, such
grouping can be done in different ways to match the loop dimensions.
This way, it is possible to generate a reuse tree and perform a reuse
analysis as in the methodology from Wuytack et al. [29]. We follow
a similar approach, using our (macro)-intervals as time frames, but we
base the analysis on the metrics defined in the following subsection and
add constraints on the interval size, to make sure the amount of data
does not exceed the fixed size of the SPM.

From now on, we will not make a distinction between an interval

and a group of intervals, after each group has been defined.

https://www.cse.iitd.ac.in/~panda/spm-sieve/
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4.3. SPM mapping algorithm

The output intervals of the pattern detection tool are then used as
input for the SPM mapping algorithm. Here follows a definition of the
metrics which the evaluation is based on.

Provided an interval int, defined as a family of memory addresses 𝑥𝑖
orresponding to a set of indices I, which represents the interval access
rder in the data object trace:

𝑛𝑡 = (𝑥𝑖 ∣ 𝑖 ∈ 𝐼)

The intra-interval reuse can be computed as the complement of the
ratio between the number of unique addresses (i.e. the cardinality of the
address set) and the interval length (i.e. the cardinality of the indices
set). Since it is possible to have repeated elements in the interval, the
ratio will be always minor or equal to 1.

𝑖𝑛𝑡𝑟𝑎_𝑟𝑒𝑢𝑠𝑒(𝑖𝑛𝑡) = 1 −
|{𝑥 ∣ 𝑥 ∈ 𝑖𝑛𝑡}|

|𝐼|

The inter-interval reuse metric is relative to the previous interval.
If we go back to Fig. 2(a) of the motivating example, and imagine
the second line being the current interval (𝑖𝑛𝑡), the previous interval
(𝑝𝑟𝑒𝑣_𝑖𝑛𝑡) would be represented by the first line. We define the previous
interval as:

𝑝𝑟𝑒𝑣_𝑖𝑛𝑡 = (𝑥ℎ ∣ ℎ ∈ 𝐻)

Where the set of indices H corresponds to its access order in the
memory trace, as for the current interval. The inter-interval reuse is
a measure of how many accesses of the current interval are to memory
positions already accessed in the previous one:

𝑖𝑛𝑡𝑒𝑟_𝑟𝑒𝑢𝑠𝑒(𝑖𝑛𝑡) =
|{𝑖 ∣ 𝑖 ∈ 𝐼 ∧ 𝑥𝑖 ∈ 𝑝𝑟𝑒𝑣_𝑖𝑛𝑡}|

|𝐼|

Note that in this context we do not take into account the type of
operation, thus not using the traditional definition of data reuse, and
instead we refer to the re-accesses to the same memory position.

Finally, we calculate the data layout compaction ratio. This is
represented as the complement of the ratio between the number of
virtually needed lines, i.e. if data were compacted together, and the
number of effective accessed lines. At the numerator, the number of
unique addresses is multiplied by the data size and divided by the cache
line size. The data size is assumed to be constant for the duration of the
interval. At the denominator, a bit mask is applied to each address to
generate the corresponding cache line address, then the cardinality of
the resulting unique set is computed:

𝑐𝑜𝑚𝑝_𝑟𝑎𝑡𝑖𝑜(𝑖𝑛𝑡) = 1 −
|{𝑥 ∣ 𝑥 ∈ 𝑖𝑛𝑡}| ∗ 𝑑𝑎𝑡𝑎_𝑠𝑖𝑧𝑒 ∕ 𝑐𝑙_𝑠𝑖𝑧𝑒

|{𝑐𝑙_𝑎𝑑𝑑𝑟(𝑥) ∣ 𝑥 ∈ 𝑖𝑛𝑡}|

To decide which data to map in the limited space of the SPM, the
ntervals from all the data objects of one applications are analyzed
ogether. For now, only sequential and interleaved intervals are con-

sidered as possible targets, to keep the implementation of the support
hardware simple enough (address translator and gathering/scattering
unit, described in Section 5). These types of intervals are dominant in
the benchmarks we have tested, and many other applications.

A pseudo-code description of the algorithm is reported below (Al-
gorithm 1). The placement decision has been modeled as a Knapsack
problem. Each interval is considered for mapping unless it overlaps
with others. If this happens, and the space of the SPM is not sufficient to
store all the intervals, the conflicting set is selected for further analysis,
using the getOverlapping function. A value is computed for each of these
intervals, including the original, using the getValue function. This value
represents a weighted combination of the properties described above,
i.e. inter/intra reuse and potential compaction. The intervals which
have the lowest values are discarded, until the resulting set can fit the
SPM. For convenience, we use the same weight for both reuse factors
5

(r_wgt), while the compaction gets a weight of its own (c_wgt).
Algorithm 1 SPM Mapping Decision Algorithm
1: function 𝑔𝑒𝑡𝑉 𝑎𝑙𝑢𝑒(𝑖𝑛𝑡)
2: 𝑟𝑒𝑢𝑠𝑒 ← 𝑚𝑎𝑥(

𝑐𝑎𝑙𝑐𝐼𝑛𝑡𝑒𝑟𝑅𝑒𝑢𝑠𝑒(𝑖𝑛𝑡),
𝑐𝑎𝑙𝑐𝐼𝑛𝑡𝑟𝑎𝑅𝑒𝑢𝑠𝑒(𝑖𝑛𝑡)

)
3: 𝑐𝑜𝑚𝑝𝑎𝑐𝑡 ← 𝑐𝑎𝑙𝑐𝐶𝑜𝑚𝑝𝑅𝑎𝑡𝑖𝑜(𝑖𝑛𝑡)
4: return (𝑟𝑒𝑢𝑠𝑒 ∗ 𝑟_𝑤𝑔𝑡 + 𝑐𝑜𝑚𝑝𝑎𝑐𝑡 ∗ 𝑐_𝑤𝑔𝑡)
5: end function
6:
7: 𝑑𝑖𝑠𝑐𝑎𝑟𝑑𝑒𝑑 ← 𝑒𝑚𝑝𝑡𝑦
8: for 𝑖𝑛𝑡 ∈ 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙𝑠 do
9: if 𝑖𝑛𝑡 ∉ 𝑑𝑖𝑠𝑐𝑎𝑟𝑑𝑒𝑑 then
0: 𝑐𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒𝑠 ← 𝑔𝑒𝑡𝑂𝑣𝑒𝑟𝑙𝑎𝑝𝑝𝑖𝑛𝑔(𝑖𝑛𝑡) + 𝑖𝑛𝑡
1: while 𝑠𝑢𝑚(𝑐𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒𝑠.𝑠𝑖𝑧𝑒) > 𝑠𝑝𝑚_𝑠𝑖𝑧𝑒 do
2: 𝑤𝑠𝑡 = 𝑚𝑖𝑛(𝑔𝑒𝑡𝑉 𝑎𝑙𝑢𝑒(∀ 𝑖𝑛𝑡 ∈ 𝑐𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒𝑠))
3: 𝑑𝑖𝑠𝑐𝑎𝑟𝑑𝑒𝑑 ← 𝑑𝑖𝑠𝑐𝑎𝑟𝑑𝑒𝑑 +𝑤𝑠𝑡
4: 𝑐𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒𝑠 ← 𝑐𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒𝑠 −𝑤𝑠𝑡
5: end while
6: end if
7: end for
8: 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 ← 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙𝑠 − 𝑑𝑖𝑠𝑐𝑎𝑟𝑑𝑒𝑑

For the experiments conducted in this work, we have chosen a
balanced combination of weights, not giving any particular advantage
to a metric respect to the other. Both weights have been set to 0.5. This
choice was made after conducting a sensitivity analysis on the weights
values, evaluating three different possibilities (one balanced and two
unbalanced) and analyzing the impact on part of our application set.
The balanced choice has the best average effect in terms of both
latency and energy. That said, the behavior is application-dependent,
as expected. We have registered relative performance improvements as
high as 20% and energy reductions up to 25% while comparing the
unbalanced policies to the balanced one, but at the cost of making the
complementary metric worse.

Before the algorithm is executed, the intervals are pre-processed
to discard all the ones which do not possess any exploitable reuse
or compaction quality. We use the same getValue function as in the
algorithm, setting our selection threshold to 0.3, as a trade-off between
the quality of the selected intervals and the number of transfers. Both
the selection threshold and the reuse/compaction weights can be tuned
differently according to the context.

It is important to make a few final consideration about this method-
ology, highlighting some of the shortcomings that can be addressed in
future work. The inter-reuse estimation is performed only with respect
to the previous interval, and the window size is limited due to the size
constraint of the SPM. This means that some of the reuse can be missed,
which could be exploitable otherwise. Also, in case of complex loops
having multiple phases within the same (outer) iteration, the tool may
not be currently able to detect the subsequency of the intervals and
perform any grouping. Finally, even if all the intervals are guaranteed
to fit the SPM, there can be a sub-optimal use of the memory space in
case of partial overlap, since there is no support for fractional selection,
i.e. the entire interval is either selected or discarded. Even taking into
account the described limitations, the current methodology is able to
provide good results in most situations.

5. Architecture

In this section we introduce COMPAD, a potential architecture for
semi-transparent scratchpad management with data layout compaction
support. This novel architecture only differs from a traditional one
by a minor number of additions/modifications, so it is easy to build
from existing designs. The proof-of-concept here described is a single-
core and single-scratchpad configuration, but some variants can be
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Fig. 5. COMPAD architecture.

eveloped to adapt to more complex scenarios, which we leave for
uture work. An overview of the architecture is depicted in Fig. 5.

We will now briefly illustrate the additions made to COMPAD with
espect to a traditional CPU architecture. Apart from the additional
cratchpad memory, we include the following elements:

• SGA-DMA - To allow for efficient data transfer between the main
memory and the scratchpad, avoiding constant intervention from
the CPU core, a Direct Memory Access (DMA) controller is added
to the architecture. This controller must be able to send strided
memory requests to the memory controller, in order to exploit the
data layout compaction. Hence, we call this component Scattering-
Gathering Aware DMA Controller (SGA-DMA). The SGA-DMA is
implemented as a Memory-Mapped I/O (MMIO) device and can
be programmed from software with writes to its configuration
registers.
Once the device has been programmed with the pattern informa-
tion (type, length, stride, etc.) and the start command is received,
the controller generates a list of addresses to access and splits the
request in chunks of the size of a cache line, to maximize the sys-
tem bus utilization. At the same time, it encodes into the request
the elements access order, to be passed to the memory controller
which processes it accordingly. This allows to leave the scatter-
ing/gathering task to the memory controller itself, which makes
our proposal different from other strided DMA solutions [30–32]
and closer to what happens in the Address Calculation Accelera-
tor described by Yousefzadeh et al. [33]. Implementation-wise,
this is compatible with the bus packing extension for strided
requests proposed by Zhang et al. [25], or at least with a potential
modification of it to support all the pattern types we cover.
The SGA-DMA has an internal FIFO buffer, which is used to
temporarily store data after fetching them from the origin device
and before sending them to the destination.
A problem that can occur when creating copies of data in the
SPM is that such data can still be present in the caches, leading to
unwanted data duplication and coherency issues when one of the
copies is modified. To prevent this, all the cache lines correspond-
ing to a SGA-DMA request are invalidated before the beginning
of the transaction, and data therein contained are written back
to the main memory, if modified. This flushing mechanism must
keep into account the characteristics of the pattern, since in case
of strided accesses the data may be non-contiguously distributed
across different cache lines.

• CAT - Another key element in the proposed architecture is the
Compacted Address Translator (CAT ). This unit monitors the mem-
ory ranges of the objects selected to be mapped to the SPM at
every phase of the application. If the load/store operation targets
an address outside those ranges, the request is sent to the cache
hierarchy. Otherwise, the unit checks if that specific address
6

belongs to one of the points actually mapped in the SPM or one
of the holes, which would be in main memory, and forwards
the request to the correct device. Similarly to the SGA-DMA, the
Compacting Address Translator is modeled as a MMIO device and
can be programmed with specific instructions.
We use the selected intervals from our methodology to decide
in which moments to activate/deactivate the address translator
and with which properties. The CAT activation always happens
after the SGA-DMA data movement. Note that, since our method-
ology is based on profiling, we may fail in our predictions about
the actual words that will be accessed at runtime, so a backup
mechanism must be in place: detecting the holes during the ex-
ecution and redirecting accesses to main memory is our backup
mechanism.
Given the low amount of objects mapped to SPM (always less
than 8 in our experiments) and the characteristics of the pat-
terns detected by our tool, the translation may be implemented
efficiently, either analytically or by a simple sequence generator.
As claimed by Komuravelli et al. in Stash [26], only six arith-
metic operations are needed for a single-strided pattern analytical
mapping. This might not be sufficient to cover more complex
patterns. A primitive RTL implementation that employs the sec-
ond approach is available in our GitHub repository.2 Essentially,
it works as an address tracker: whenever the expected address
is encountered, the following one is computed according to the
programmed characteristics and becomes the new expected ad-
dress. The currently published version is not able to fully exploit
internal reuse and does not allow flexibility in the access order,
but it constitutes a proof-of-concept for the mechanism and can
be improved in future work.
Overall, the CAT component serves a dual purpose: first, it en-
ables access to the new data layout by providing the effective
address of data inside the SPM, and it does so knowing the
characteristics of the mapped patterns. Secondly, it allows for
transparent address translation after programming, so none of the
original addresses has to be changed in the application code.

• Translating Bus - To handle the arbitration of the requests that
come out of the CPU data port, a special bus is introduced. The
bus is connected to the data cache, the scratchpad memory and
has a shortcut to send requests to the memory controller by-
passing the cache hierarchy, when needed (the holes mechanism
explained before). Each access has to follow a lookup phase,
where the address is checked before deciding its destination. This
initial lookup happens in the critical path, but the impact in term
of performance is negligible, since it is only a range check for a
limited amount of mapped objects.

• SG-MEMCTRL - Finally, we include a custom memory controller
with support for data scattering/gathering (SG-MEMCTRL). This
is required to efficiently transfer data between the SPM and main
memory without polluting the bus. When the memory controller
receives a read request from the SGA-DMA, it translates it to a
series of read commands for non-consecutive data in the main
memory, gathering them into packets to be sent to the SPM. Vice
versa, at the end of the lifetime of the interval, data are scattered
to their original position in the main memory.
Although not strictly necessary, this mechanism would provide
the most benefit if combined with a special memory interface
which allows for continuous strided access within the same line.
Otherwise, standard DRAM interfaces can be used (e.g. when
employing off-the-shelf DRAM chips), at the cost of some extra
energy and performance cost. This is because typical burst sizes
are higher than a single word, and it is not possible to access
data with a finer granularity, thus wasting part of the accessed
elements.

2 https://github.com/artecs-group/transpad

https://github.com/artecs-group/transpad
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Fig. 6. Complete experimental analysis and simulation flow.
Table 1
Selected benchmarks (PolyBench/C Suite).

Benchmark Domain Description [13]

2 mm lin. alg./kern. 2 Matrix Multiplications
3 mm lin. alg./kern. 3 Matrix Multiplications
correlation datamining Correlation Computation
covariance datamining Covariance Computation
deriche medley Edge detection filter
doitgen lin. alg./kern. 3 Multiresolution analysis kernel
durbin lin. alg./solv. 3 Toeplitz system solver
gemm lin. alg./blas General Matrix Multiply
gemver lin. alg./blas Vector Mult. and Matrix Addition
gesummv lin. alg./blas Scalar, Vector and Matrix Mult.
symm lin. alg./blas Symmetric matrix-multiply
syr2k lin. alg./blas Symmetric rank-2k operations
syrk lin. alg./blas Symmetric rank-k operations
trmm lin. alg./blas Triangular matrix-multiply

The proposed modifications for the COMPAD architecture naturally
entail an extra cost in terms of power, performance and area. Neverthe-
less, the support logic cost is typically a fraction of the memory one, and
the additional SPM area can be compensated by reducing the amount
of cache, as we do in the experimental part. In our simulation envi-
ronment, described in the next section, we have developed a realistic
performance and energy model for the complete system, with some
reasonable simplification. For example, from the performance point
of view, some of the latencies are assumed to be small enough to be
negligible (more on this in Section 6.2). However, the additional data
traffic between the SPM and main memory is completely accounted,
which can have a negative impact in situations where the SPM does
not allow a better exploitation of data locality compared to the cache.
We show some of those cases in our experiments, in Section 7.

6. Experimental framework

In this section we describe the different tools used in the experi-
mental part, providing information about the modeling and simulation
framework. We also include a descriptive graph in Fig. 6, which rep-
resents the complete experimental flow. The graph spans from the
application analysis - with the methodology described in Section 4 - to
the effective results extraction in the simulated COMPAD architecture.
Some of the steps are highlighted and accompanied by an icon, which
indicates the third-party framework employed in the specific phase.
7

6.1. Representative benchmark set

The focus of this work is to reduce the energy per access in em-
bedded devices executing fairly simple applications from some specific
domains, whose access sequences are composed for the most part of
regular and interleaved patterns, following the definitions presented in
Section 4. We have selected a subset of benchmarks from the Poly-
Bench/C suite [13] for our experiments: it is a collection of numerical
computation applications from different domains, widely used in the
research community. Most of the benchmarks are linear algebra ker-
nels, which are often employed – for example – in machine learning
applications. A few statistical analysis benchmarks from the suite have
been included as well, which are essential for data science. All these
benchmarks are loop-dominated, so they are very representative for
our scope. Applications in PolyBench/C allow to specify a data set
size at compile time: we have chosen the medium one, as a trade-off
between simulation complexity and scenario realism. The list of target
benchmarks is reported in Table 1.

PolyBench/C constitutes a good proof-of-concept for the methodol-
ogy since its applications have a straightforward way of managing data.
During the initial phase, a variable number of arrays is allocated. Some
of them are initialized and fed to the algorithm as input, others are used
to store the computation results. The default behavior is to allocate
these arrays in the heap memory region (using posix_memalign
calls), but it can be overridden to use the stack, which is not the case
for this work.

6.2. Simulation environment

To evaluate the impact of the mapping policies we have used the
gem5 architectural simulator [34], a widespread software in academia
and industry. Our work is based on top of version 21.2. All the architec-
tural modifications described in Section 5 have been modeled in terms
of behavior and integrated into the simulation environment. The code
is publicly available in our GitHub repository.3

In the software model, we account for the extra latencies associated
with the address translator and DMA controller programming and
setup, other than the data movement. The address translation cost is,
instead, assumed to be negligible. In fact, the mechanism consists of a
number of range checks, followed by the new address calculation if a
correspondence is detected. Since we employ a limited number of CAT

3 https://github.com/artecs-group/gem5-artecs/tree/compad

https://github.com/artecs-group/gem5-artecs/tree/compad
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Table 2
Simulated system details (single core).

CPU
Architecture: x86-64
Ordering: In-Order
Frequency: 1 GHz

Main Memory Size: 512 MiB
Standard: LPDDR3

L1I Cache Size: 16 KiB
4-way set associative

L1D Cache Size: 16 KiB/8 KiB
4-way set associative

SPM (Hybrid) Size: 8 KiB

Table 3
CACTI caches and SPMs parameters.

Device Acc. time Read eng. Write eng. Leakage

Cache 8 KiB 0.44 ns 0.030 nJ 0.028 nJ 4.51mW
Cache 16 KiB 0.48 ns 0.031 nJ 0.029 nJ 7.86mW
Cache 32 KiB 0.53 ns 0.033 nJ 0.031 nJ 14.57mW
SPM 8 KiB 0.18 ns 0.008 nJ 0.010 nJ 3.70mW
SPM 16 KiB 0.25 ns 0.009 nJ 0.012 nJ 7.15mW
SPM 32 KiB 0.40 ns 0.010 nJ 0.018 nJ 14.04mW

entries – equal to 8, enough to cover all the cases in the experimental
part – the comparisons can happen in parallel, and the new address can
be easily pre-computed due to the benchmarks control flow regularity,
so the translation can happen within the same cycle. We also operate
some simplifications in the way we handle inter-interval reuse, but they
do not impact the final results as at the interface between intervals
the highest penalization is still given by data exchange with the main
memory. As for the main memory part, no special gathering-scattering
optimized interface has been employed – only modifications to the
controller – to maintain compatibility with commercial DRAM modules,
which is a conservative but pessimistic assumption.

The experiments have been conducted in Syscall Emulation mode,
sing elastic traces [35] to analyze the impact on the memory system
ithout constantly re-simulating the detailed CPU model. This kind of

races essentially contain a dump of all the memory accesses performed
y the CPU, with annotated order and register dependencies. The traces
xtracted from the benchmarks, generated with an out-of-order CPU
odel, have been modified to mimic an in-order processor, more in

ine with low-energy platforms requirements. Also, the control instruc-
ions for SPM management have been added to them at each interval
oundary, according to the profiling and selection methodology results.

The platform chosen for the experiments is a generic low-power,
n-order x86-64 processor with a single level cache design, whose
haracteristics are described in Table 2. It has been selected as a
epresentative solution for our target domains due to its simplicity.
he memory subsystem of the platform consists of a single-level cache,
ith an added SPM in the hybrid configuration. In order to make a

air comparison with respect to the baseline, the L1D size is reduced
n this second case from 16 KiB to 8 KiB, to keep the total amount of
emory constant. This is a slightly pessimistic assumption, since the

rea occupation of an SPM is comparatively lower to a cache, and a
igger quantity could be employed, which would limit the performance
mpact. The x86-64 ISA, while not as popular in the embedded domain,
as favored to ARM or RISC-V counterparts because the adopted DBI

ramework does not support non-x86 binaries. However, this could
e easily changed porting the memory analysis tool to a different
ramework, like DynamoRIO [36] or MAMBO [37].

.3. Memory models

For a realistic estimation of cache and scratchpad memory param-
ters we have employed the latest version of CACTI [6], which is
rguably the most widely used modeling tool for SRAM devices.
8

In Table 3 we provide a comparison table with the characteristics of
emories of different sizes, extracted with the aforementioned tool, to

how the advantages of using SPMs to the reader. The technology node
s assumed to be 22 nm, with a low-power roadmap for the data array

and high-performance for the tags and periphery. The design objective
is the cycle time, with optimizations to minimize the energy-delay
product. For caches modeling, we have selected a 4-way associativity.
The tool was left free to decide the optimal memory organization
(number of column and row partitions, number of sets per row, etc.).
Reading the table it can be noted that scratchpad memories, which lack
a tag array and do not need to fetch multiple blocks in parallel, have
overall better parameters: if we compare, for example, the 32KiB cache
numbers with an SPM of equal size we can notice an approximate 2x
speedup and a 4x to 8x dynamic energy improvement.

For our experiments, we have adopted the CACTI energy parameters
corresponding to the simulated configurations, i.e. 16 KiB cache for the
traditional system and 8 KiB cache + 8 KiB SPM for the hybrid system.
The access time has been assumed to be equal for the two devices, since
the low frequency of the CPU does not allow to leverage the better
latency of the SPM.

Regarding the main memory parameters estimation, we have em-
ployed one of the DRAM models already present in the gem5 simulator.
Specifically, the simulated system includes a LPDDR3-1600 device with
a 32-bits bus, whose latency and energy data were originally extracted
from the datasheet of a commercial part.4

7. Results

In this section we present and compare the simulation results, high-
lighting the impact of the methodology and taken mapping decisions
for the selected benchmark set.

First, to better understand the results, in Fig. 7 we introduce some
plots containing metrics resulting from the SPM mapping algorithm
(Section 4.3). Fig. 7(a) shows how many data from detected patterns
are effectively mapped to the SPM, due to the selection policies and
SPM size constraint. The rest of the plots (Figs. 7(b), 7(c), 7(d)) rep-
resent the average values of the coefficients on which the selection
is based, specifically the intra-interval reuse, inter-interval reuse and
compaction factor, for the chosen set of patterns. Generally, there is a
high variability of the metrics among the benchmarks, except for the
ones that belong to the same class and perform similar operations, like
2mm and 3mm or correlation and covariance.

The relative dynamic energy consumption of the combined data
cache and SPM, with respect to the cache-only configuration, is rep-
resented in Fig. 8(a). The use of the additional SPM and custom data
mapping strategy brings an energy improvement in all the presented
cases, with some noteworthy differences. Several benchmarks show
a high energy reduction, like 2 mm (53%), 3 mm (51%), correlation
(56%), covariance (56%), gramschmidt (52%), and jacobi-1d (54%).
Other benchmarks are less impacted, like deriche and syr2k, by 11%
nd 20% respectively. It appears that these last benchmarks are also the
nes for which the least amount of intervals is selected, as in Fig. 7(a),
hich explains the limited beneficial effect. The geometric mean of the
ynamic energy reduction is 43%.

Finally, in Fig. 8(b) we show the relative execution time between
he two configurations, highlighting how the hybrid system behaves
ith respect to the traditional one. Contrarily to the energy, in this

ase the effect is not always positive, resulting in a penalization in
ome benchmarks, like durbin (40%), jacobi-1d (25%), syr2k (19%), and
trmm (27%). On the other hand, other benchmarks are highly benefited,
especially correlation and covariance (both with a 65% speedup), and
mvt (47% speedup). The overall effect is still favorable, with a mean
geometric speedup of 13%. The positive result of correlation should

4 Micron EDF8132A1MC
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Fig. 7. Analysis metrics.
Fig. 8. Simulation results.
not surprise, given that it is the application considered as motivating
example for this work (see Section 3).

We can make some hypotheses about why some benchmarks are
behaving worse than the baseline. Memory accesses in durbin and
jacobi-1d exhibit a good spatial locality, as it can be seen in Fig. 7(b)
since the compaction ratio is very low. This means that most of the data
carried to the cache are actually accessed. In these cases, the cache is
already behaving well enough, and the additional data transfers and
reduced cache size are impacting the execution. This is also testified
by the fact that in the traditional system the amount of data cache
misses is extremely low for these benchmarks, with most of them
likely being compulsory misses. The miss rate increases in the hybrid
system. It is important to mention that in similar cases, when there are
almost no capacity/conflict misses and no compaction is possible, we
cannot have performance gains with the hybrid solution, provided that
the cache and SPM access times are comparable. Additionally, these
two benchmarks present composite patterns which cannot be grouped
due to current limitations of our framework, leading to an increased
frequency of data transfers. Likewise, the absence of inter-interval reuse
9

in symm, syr2k, syrk and trmm (Fig. 7(d)) can make the impact of the
SPM data transfers not negligible and affect their execution time.

If we compare durbin with doitgen, we see that they possess sim-
ilar characteristics in terms of inter-interval reuse (close to one) and
compaction ratio (close to zero), but the former is worse in terms of
intra-interval reuse. This fact, together with the previous considerations
on durbin, can explain their difference in relative performance. Energy-
wise, doitgen has a slightly better relative consumption, also thanks to
the higher percentage of mapped intervals.

As a last task, we have computed for all benchmarks the product
between the energy and performance data described above, evaluating
once again the relative trends between the traditional and hybrid
configuration. This allows to better understand the overall impact of
the new architecture and mapping policies. Like in the energy results,
the product decreases in all the analyzed cases, with a geometric mean
of 50% for the relative values. The worst value is found in syr2k (95%),
while the best results are achieved by correlation and covariance (15%).

We believe that it is possible to obtain a better energy-slowdown
trade-off for some of the benchmarks by improving the heuristics and

tuning the pattern selection parameters, which is left for future work.
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8. Conclusions

In this work we have shown that traditional cache subsystems
may not be optimal for embedded platforms with low energy re-
quirements, and some gains could be achieved identifying problematic
memory patterns in applications and moving the corresponding data
to a software-controlled device, which can serve such accesses more
efficiently. We have illustrated our profiling-based methodology to
identify these patterns, provided details of a possible modified archi-
tecture to exploit data layout compaction in the SPM and conducted
some experiments with a software simulator to show the potentiality
of our proposal. Using a selection of loop-dominated benchmarks, we
have obtained some substantial gains in terms of dynamic energy, with
a mean value of 43% compared to a traditional cache-only solution.
Performance results indicate that the execution time can be either pos-
itively or negatively affected depending on the benchmark, nonetheless
there is an overall 13% improvement across the application set, with
respect to the baseline.
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