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Abstract— Memory bandwidth is critical for many modern applications and architectures. Parallel memories should alleviate
this problem, but they are difficult to design and implement for
non-trivial access patterns. Our work addresses these challenges
through PolyMem, a Polymorphic Parallel Memory which acts
as a software cache and enables parallel memory accesses for
different combinations of access patterns. PolyMem’s design
is based on the Polymorphic Register File (PRF) design,
which guarantees conflict-free parallel access for memory access
patterns widely used in scientific and multimedia applications.
We present in detail the design and implementation of MAXPolyMem, the first native implementation of PolyMem using
Maxeler’s toolchain. Our design supports multiple lanes, multiple read ports, and concurrent read and write operations.
We further provide a detailed empirical analysis of the
performance of MAX-PolyMem, including two sets of results.
First, we conduct a thorough design space exploration to
determine the best configurations and/or the performance bounds
of MAX-PolyMem. For example, the design with the maximum
read bandwidth is a 512KB memory, with 4 read ports,
running at 137MHz, which can reach a peak read bandwidth
of around 32GB/s. Second, to determine whether the MAXPolyMem can reach and sustain these peaks, we implement
the STREAM-Copy benchmark. The benchmarking results
demonstrate that, in practice, MAX-PolyMem reaches over
99% of the theoretical peak performance.

I. I NTRODUCTION
In this era of parallel processing and data-intensive applications, memory bandwidth is a hot commodity. For many
applications, ranging from graph processing to machine
learning, and from scientific simulations to financial analysis,
more bandwidth is likely to amount to better performance.
One approach to address this demand for increased bandwidth is to re-think existing memory systems. Newlyemerging technologies [1], [2] hold promise, but their largescale integration depends on the processor vendors and is,
therefore, rather slow. A more viable solution is to develop parallel memories, which could provide an immediate
memory bandwidth increase as large as the number of
parallel lanes. While this proposal sounds straightforward
in theory, many challenges emerge when designing and/or
implementing such memories in practice [3]. Efficient data
writes, reading the data with a minimum number of accesses
and maximum parallelism, and actually using such memories
in real applications are only three of these challenges.
To address these challenges, we propose PolyMem, a Polymorphic Parallel Memory. We envision PolyMem as a highbandwidth, two-dimensional (2D) memory which is used to
cache performance-critical data right on the FPGA chip,
making use of the existing distributed memory banks (the

BRAMs). We chose a 2D address space for PolyMem to
allow the programmers to easily place data structures such
as vectors and matrices in this smart buffer, thus decreasing
the need for complex index computation typically needed
for a traditional, linear access memory. Furthermore, using
polymorphism, PolyMem not only delivers high performance for the most common two-dimensional access patterns
(such as rows, columns, rectangles, or diagonals), but it
also enables combining several such patterns in the same
application. Finally, by supporting customization of capacity,
bandwidth, number of read/write ports, and different parallel
access patterns, PolyMem allows the user to configure the
parallel memory to fit his/her application.
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Fig. 1. Envisioned system organization using PolyMemas a parallel cache.

Figure 1 depicts the envisioned system architecture. The
FPGA board, featuring its own high-capacity DRAM memory, is connected to the host CPU through a PCI Express
link. PolyMem acts like a high-bandwidth, 2D parallel software cache, able to feed an on-chip application kernel with
multiple data elements every clock cycle.
PolyMem is inspired by existing research on the Polymorphic Register File (PRF) [4], [5]. While the PRF was
designed as a runtime customizable register file for Single Instruction, Multiple Data (SIMD) co-processors, PolyMem is
tailored for FPGA accelerators for High Performance Computing (HPC), which require high bandwidth but do not necessarily implement full-blown SIMD co-processors and their
corresponding instruction sets on the reconfigurable fabric.
We have selected FPGAs as our target for three reasons:
(1) FPGAs are increasingly used for HPC acceleration due
to their high energy efficiency and large amount of on-chip
computational resources, (2) FPGAs enable PolyMem to be
reconfigured depending on the current workload, and (3)
current FPGAs feature relatively large amounts of on-chip,
distributed, independent memories – i.e., the BRAM blocks
– that can be used as parallel memory banks.
To enable a quick design and benefit from a high-level
programming abstraction, our first prototype of PolyMem,

called MAX-PolyMem1 , is implemented using Maxeler’s
platform and their MaxJ programming model [6]. This choice
further enables us to easily integrate this parallel memory
into Maxeler applications2 . To thoroughly test the properties and limitations of MAX-PolyMem, we further propose
a multi-dimensional Design Space Exploration (DSE) approach, where the capacity, number of lanes, and number
of read ports for each PolyMem scheme are empirically
evaluated. Our results show that (1) MAX-PolyMem can
utilize the entire capacity of on-chip BRAMs, allowing the
instantiation of a 4MB parallel memory on the Maxeler
Vectis Data Flow Engine (DFE); (2) the maximum bandwidth
delivered by the MaxJ design exceeds 32GB/s at a clock
frequency of up to 202MHz, and (3) we are able to utilize
all the available BRAMs with reasonable logic utilization.
Finally, to determine whether any unexpected bandwidth
limitations occur when using MAX-PolyMem in practice,
we have designed and implemented the STREAM benchmark [7], [8], which measures the bandwidth of different
in-memory array operations. Using the COPY component
of STREAM, we measured the bandwidth of a polymorphic
memory with 1 read and 1 write port, and found that we
achieve over 99% of the calculated peak performance.
In summary, the contributions of this work are the following:
• We introduce PolyMem, a Polymorphic Parallel Memory built using BRAMs as a high-throughput softwarecache for FPGAs;
• We present MAX-PolyMem, the first prototype implementation of PolyMem for Maxeler’s Data Flow
Engines. We further analyze the productivity of MaxJ
for our implementation: we quantify it through a combined metric (lines of code and development time), and
qualify it through a set of lessons learned;
• We perform a DSE analysis to show how MAXPolyMem scales with the number of lanes (up to 32),
capacity (up to 4MB), clock frequency (up to 202MHz),
and peak bandwidth (above 32GB/s).
• We design a MaxJ framework for the STREAM
benchmark; we further implement and synthesize the
STREAM-Copy application, and use it to benchmark
the actual, achievable MAX-PolyMem bandwidth in
practice.
II. BACKGROUND
A. The Polymorphic Register File
A PRF is a parameterizable register file, which can be
logically reorganized by the programmer or a runtime system
to support multiple register dimensions and sizes simultaneously [5]. The simultaneous support for multiple conflictfree access patterns, called multiview, is crucial, providing
flexibility and improved performance for target applications.
The polymorphism aspect refers to the support for adjusting
the sizes and shapes of the registers at runtime. In Table I,
1 We use PolyMem to denote the Polymorphic Memory design, and MAXPolyMem as the Maxeler-based implementation.
2 This integration work is beyond the scope of this paper.

TABLE I

T HE PRF

MEMORY ACCESS SCHEMES

PRF Access Scheme
ReO (Rectangle Only)
ReRo (Rectangle, Row)
ReCo (Rectangle, Column)
RoCo (Row, Column)
ReTr (Rectangle, Transposed
Rectangle)

Available Access Patterns
Rectangle
Rectangle, Row, Main and secondary
Diagonals
Rectangle, Column, Main and secondary Diagonals
Row, Column, Rectangle
Rectangle, Transposed Rectangle
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each multiview scheme (ReRo, ReCo, RoCo and ReTr)
supports a combination of at least two conflict-free access
patterns.
In this work, we reuse the PRF conflict-free parallel storage
techniques and patterns, as well as the polymorphism idea
to design PolyMem. Figure 2 illustrates the set of access
patterns supported by the PRF and, ultimately, by PolyMem.
In this example, a 2D logical address space of 8 × 9 elements
contains 10 memory Regions (R), each with different size
and location: matrix, transposed matrix, row, column, main
and secondary diagonals. Assuming a hardware implementation with eight memory banks, each of these regions can
be read using one (R1-R9) or several (R0) parallel accesses.
By design, the PRF optimizes the memory throughput for a
set of predefined memory access patterns. For PolyMem, we
consider p × q memory modules and the five parallel access
schemes presented in Table I. Each scheme supports dense,
conflict-free access to p · q elements3 . When implemented
in reconfigurable technology, PolyMem allows applicationdriven customization: its capacity, number of read/write
ports, and the number of lanes can be set pre-runtime (or
even at runtime using partial reconfiguration), to best support
the application needs.
In summary, PolyMem uses the technology developed for
the PRF to build a parallel memory (Figure 2) for three
reasons: (1) it provides a generic, out-of-the-box solution to implement a parallel memory, thus avoiding errorprone, time-consuming custom memory design; (2) it can
be customized for the application at hand; (3) its multiview property allows 2D arrays to be distributed across
several BRAMs, enabling runtime parallel data access using
multiple, different ”shapes” without the need for hardware
3 In this work, we will use “×” to refer to a 2D matrix, and “·” to denote
multiplication.

reconfiguration (see Table I). Effectively, with the PRFbased PolyMem, programmers can assume a parallel memory
and focus on algorithm optimizations rather than complex
data transformations or low-level details.
B. The Maxeler platform
Maxeler builds FPGA boards for High Performance Computing using chips from Xilinx and Intel/Altera. It uses an
High Level Synthesis (HLS) language, MaxJ, to describe the
hardware. MaxJ adopts the dataflow programming paradigm,
where an application is described as a directed graph: each
node represents an operation on the data, while the edges
represent the flow of data. During the computation, the data is
streamed through the FPGA, and the operations are directly
applied on the stream. The FPGA board features its own
high capacity DRAM which can be used to store application
data. However, the latency of this memory is relatively
high (typical for off-chip DRAM) and even with multichannel implementations, the off-chip DRAM bandwidth is
limited. MAX-PolyMem is designed as an on-chip cache,
aiming to maximize data reuse and minimize access to offchip DRAM.
As a programming language, MaxJ is based on Java. It
contains datatypes and operations useful to describe the
dataflow graph of an application. From a MaxJ description,
the Maxeler framework generates a dataflow graph that is
then translated to a hardware description language (HDL).
Finally, using third party tools, the HDL is synthesized and
the bitstream required to program the FPGA is generated.
III. D ESIGN AND I MPLEMENTATION
In this section, we briefly present our approach for designing PolyMem to fit a given application, and further dive into
the implementation of MAX-PolyMem. This implementation
is open source, and is available online at [9].
A. End-to-end design
A great advantage of PolyMem is its ability to be configured
to fit the needs of given applications. A configuration consists
of a storage capacity C (e.g., 512KB), distributed in p × q
memory lanes, a PRF access scheme, and the number of
read ports. The access scheme enables support for up to four
parallel-access patterns (out of the six supported - see IIA), each of which is a dense access to p · q elements. To
customize PolyMem for a given application, we start from
the application memory access pattern, for which we find the
optimal parallel access schedule - i.e., the best sequence of
parallel accesses to the application data - for each potential
configuration (scheme, capacity, lanes). To determine the
optimal schedule we formulate the problem as a set covering
problem [10], using Integer Linear Programming (ILP) for
the search itself. We finally select the best configuration
based on two metrics: speedup and efficiency. More details
on this process are presented in [11].

TABLE II

P RODUCTIVITY ANALYSIS .
Module/Feature
AGU
A
Shuffle
M
Memory banks
Inv Shuffle
Multiple Read Ports

Effort (days)
2
3
10
4
3
4
1

LOC
194
292
335
399
242
346
127

B. From PolyMem to MAX-PolyMem
Figure 3 shows a diagram describing MAX-PolyMem, our
MaxJ PolyMem implementation; we further refer to blocks
in this Figure in bold and to signals with a spaced-out font.
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Fig. 3. The Block-diagram of our MAX-PolyMem Implementation.

Because PolyMem behaves as a 2D memory, parallel application accesses are made using two coordinates, (i,j),
and the shape of a parallel access, AccType. DataIn and
DataOut represent the data which is written to and read
from MAX-PolyMem.
The core of MAX-PolyMem’s design consists of a 2D array
of memories (p×q BRAMs). These are used to store the data
in a distributed manner. In Figure 3, eight such memories
are illustrated (M0-M7); these are the Memory Banks, also
called memory modules. The number of banks defines the
number of data elements which are read/written in parallel
per data port, referred to as lanes.
Based on the (i,j) coordinates and the requested access
type AccType, the AGU expands the parallel access in
its individual components by computing the coordinates of
all the accessed elements (p × q addresses in total). This
operation is performed for the write port and for each read
port, so that one write access and one read access for each
read port can happen independently at the same time.

The Module Assignment Function (MAF) is a mathematical
function that maps each element in the 2D address space to
one of the Memory Banks. The MAF guarantees conflictfree access to the supported access patterns. In this work, we
use the five MAFs listed in Table I and described in detail
in [5]. M implements all the MAFs supported by our design
and outputs the select signal in the three types of Shuffles:
Read Data Shuffle, Address Shuffle, and Write Data
Shuffle. The Shuffles are implemented using full crossbars
and are used to reorder input and output data according to
the MAF used. The Addressing Function A computes, for
each accessed element, the intra-memory bank address. The
Read/Write Data Shuffle and Address Shuffle reorder the
data elements and their corresponding intra-memory bank
addresses (generated by the A) so that each memory bank
receives the correct address and input data.
For each access to PolyMem, the input signals and data
flow through all the blocks of the design in Figure 3, top
to bottom. Both the DataIn and DataOut are arranged
in our predefined order (left to right, top to bottom) to
ensure consistency between reads and writes. When writing
to PolyMem, the Memory Banks store each input element
into the assigned memory module at the corresponding intramemory module address. More specifically, the input data DataIn - is written in the memory locations identified by
A and M, after they have been reordered by the Write Data
Shuffle. During a read access, the output of the Memory
Banks, containing the accessed data, is reordered by the
Read Data Shuffle. If the WriteEnable signal is low
the DataIn elements are ignored. Simultaneous reads and
writes are supported because of the independent read and
write ports, and our design supports multiple read ports.
We note that our design is implemented using two types
of Shuffles. Given a reordering signal, the regular Shuffle
reorders the elements, while the Inverse Shuffle, with the
same reordering signal, restores the initial order. In this
design, therefore, the Write Data Shuffle is implemented
using an inverse Shuffle, while the Read Data Shuffle is
implemented using a regular Shuffle.
C. Productivity Analysis
One of the reasons for using Maxeler’s platform for this
work was the alleged ease-of-use of the MaxJ toolchain.
We reflect here on our development process and analyze,
qualitatively and quantitatively, the productivity of MaxJ.
The development process started by implementing each
module in Figure 3 in isolation. Table II illustrates the
implementation effort (in days) taken by each module, as
well as the required LOC (lines of code). In our experience,
Maxeler’s toolchain does enable fast prototyping: it takes
little effort to have a simple kernel running on a Maxeler
board, due to the Java-like language and the integrated
behavioural simulator.
Once all kernels were available, we created a modular
multikernel design, using a custom manager to connect
the different modules. This approach helped testing and
debugging. We found that the lack of a graphical repre-

sentation of the blocks in a design forces the developer
to programmatically link the modules, a time-consuming
and error-prone process; futhermore, some of the toolchain
errors are not documented: we had problems with the PCIexpress interface, the file management in the IDE, and several
simulator crashing/hanging instances. With all these issues,
the integration took 5 days.
We further explored the trade-off between modularity and
performance: we implemented a fused, single-kernel implementation (which took 7 days) and compared the two
versions. We found that the modular version consumes twice
as many resources, mainly due to the additional inter-kernel
communication infrastructure.
Aiming to further optimize the code, we ran into the real
challenge of most HLS approaches: low-level details of the
implementation are hidden within layers of abstractions and
tools, and low-level optimizations are difficult to integrate.
Overall, we find that Maxeler’s toolchain is an asset during
the first development stages of an application because (1)
MaxJ’s HLS approach hides most of the complexity of hardware design, (2) the behavioral simulator from the MaxIDE
saves time during implementation and debugging, and (3)
the design can be written with very few lines of code and
it is easily readable. On the downside, more documentation
and tool support are needed to fine-tune and optimize nontrivial applications. Moreover, the integration of multiple
kernels into a single design is complex due to the lack of
visualization tools, and MaxJ makes it difficult to fine-tune
low-level behavior.
IV. D ESIGN S PACE E XPLORATION AND R ESULTS
We analyze the performance of MAX-PolyMem through
DSE, reporting memory bandwidth (see IV-B) and resource
utilization (see IV-C).
A. Design Space Exploration setup
For this study, we have selected three relevant parameters
for the design space exploration, listed and explained in
Table III. For all experiments in this paper we use a Maxeler
Vectis board that uses a Xilinx Virtex-6 SX475T FPGA4 featuring 475k logic cells and 4MB of on-chip BRAMs. All
our experiments configure PolyMem for a data width of 64
bits. Our design is easily configurable: a simple configuration
file sets, at compile time, the required DSE parameters. We
collected information regarding the FPGA resource usage
and the clock frequency for each configuration. We have
further computed the maximum read and write bandwidth
that can be achieved. We validate each design with a simple
read/write cycle: the host fills MAX-PolyMem with unique
numerical values, and then reads them back using parallel
accesses. The remainder of this section focuses on the
detailed analysis of these results.
4 Xilinx Virtex-6 Family Overview:
http://xilinx.com/support/documentation/data_
sheets/ds150.pdf

TABLE III

P OLY M EM D ESIGN S PACE E XPLORATION PARAMETERS .
DSE Parameter
Total Size [KB]
Number of lanes (p ×q)

Values
512, 1024, 2048, 4096
8 (2 × 4), 16 (2 × 8)

Number of Read Ports

1, 2, 3, 4

Explanation / Affected blocks
The number and capacity of each Memory Bank
Number of data elements delivered for each port per clock cycle. Affects each block
of the design.
Number of independent data blocks, p · q elements each, which can be read in each
clock cycle. Affects the aggregate PolyMem bandwidth and the number and capacity
of each Memory Bank
TABLE IV

MAX-P OLY M EM M AXIMUM C LOCK F REQUENCIES [MH Z ].

Size

512KB
1
202
195
196
194
193

2
160
166
155
150
158

3
139
131
131
146
134

1024KB
16

4
123
123
122
122
137

1
185
168
157
161
159

2
100
100
100
100
112

8
1
160
163
163
173
155

B. Memory Performance
In its role as a parallel memory, the most important performance metric for MAX-PolyMem is memory bandwidth.
We compute the maximum bandwidth assuming all accesses
use the full width of the memory. The main parameters
influencing the bandwidth are: design clock frequency, which
varies depending on the MAX-PolyMem parameters (see
Table IV), the number of lanes, and the number of read ports.
Table IV lists the maximum clock frequencies achieved by
our designs. The highest frequency, 202MHz, is achieved
by the 512KB, 8-lane, single read port ReO design. For the
multi-view schemes, the highest clock frequency is 196MHz
for the 512KB, 8-lane, single read port ReCo configuration.
The minimum clock frequency is 77MHz.
Figure 4 presents the maximum achievable bandwidth per
single port, which is also the write bandwidth of our designs.
The peak write bandwidth for the 16-lane configurations
exceeds 22GB/s for the 512KB, 16-lane, ReO configuration.
For the multiview schemes, the maximum achieved bandwidth is 20GB/s for the ReRo configuration. Moreover, we
note that single-port bandwidth scales linearly when doubling
number of memory banks from 8 to 16.
Figure 5 illustrates the maximum read bandwidth when
increasing the number of read ports. The peak bandwidth
is 32GB/s achieved by the 512KB, 8-lane, 4-port ReTr
scheme. For the 8-lane configurations, we observe good
bandwidth scaling when doubling the number of ports from
1 to 2 ports, and diminishing returns for the 3- and 4port configurations. If the number of lanes is increased to
16, having 2 read ports does not significantly increase the
bandwidth. We also note that bandwidth is reduced if the
number of lanes and ports is kept constant, but the capacity
of PolyMem is increased. This is most likely due to the
additional pressure put on the synthesis tools to place and
route all the additional BRAMs.
Please note that for the applications that utilize the read and
write ports simultaneously, the total total delivered PolyMem
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data rate is the sum of the bandwidth delivered by all
individual read and write ports.
C. Resource utilization
We continue by analyzing the Maxeler Vectis DFE synthesis
results in terms of resource utilization. Specifically, we
investigated logic, LUT, and BRAM utilization (Figures 6,
7, and 8, respectively).
The results indicate that when increasing the PolyMem capacity but keeping the number of lanes and ports constant,
there is little to no increase in logic utilization for any of the
target memory schemes. For example, MAX-PolyMem with
8 lanes and a single read port, the logic utilization varies

50

100

ReO
ReRo
ReCo
RoCo
ReTr

30
20
10
0

Capacity (KB), Number of Lanes, Number of Read Ports
Fig. 6.

Logic utilization.

LUTs Utilization (%)

40

ReO
ReRo
ReCo
RoCo
ReTr

20
10

80
70

ReO
ReRo
ReCo
RoCo
ReTr

60
50
40
30
20
10
0

Capacity (KB), Number of Lanes, Number of Read Ports
Fig. 8.

50

30

BRAM Utilization (%)

Logic Utilization ( %)

90
40

0

BRAM Utilization.

keeping the logic utilization under 38% and LUTs usage
under 28%;
• Supra-linear logic and LUTs increase when doubling
the number of lanes;
• MAX-PolyMem delivers up to 22GB/s write bandwidth
and up to 32GB/s aggregated read bandwidth using up
to 4 read ports, at a clock frequency of up to 202MHz.
V. STREAM-C OPY: BANDWIDTH B ENCHMARKING
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between 10.58% for a 512KB, ReO configuration to 13.05%
for the 4096KB featuring the RoCo scheme. However, the
increasing the number of read ports does increase the logic
utilization: for the ReRo, 512KB, 8 lane configuration, the
logic utilization doubles from 10.78% for the single port case
to 22.34% for the 4-port PolyMem, mostly due to the read
crossbars replication.
When doubling the lanes count from 8 to 16, we observe
a supra-linear logic utilization increase. For example, for
the 512KB, single read port, ReRo PolyMem, the logic
utilization increases from 10.78% to 23.73%. This can be
attributed to the quadratic increase in resource used by the
full crossbar in relation to the number of lanes [5].
Figure 7 illustrates the LUTs utilization. We observe here
similar trends to the logic utilization described above, with
the LUTs utilization varying between 7% and 28%.
Finally, Figure 8 illustrates the BRAM utilization, which
varies from around 16% for a 512KB, 8-lane, 1-read
port PolyMem up to 97% for a 2MB, 16-lane, 2-read
ports PolyMem. As expected, the memory scheme has no influence on the amount of BRAMs used. Increasing the PolyMem capacity and increasing the number of PolyMem lanes
and read ports leads to an increased BRAM utilization. For
example, for the single read port ReRo, 512KB design, the
8-lane configuration utilizes 16.07% of the BRAMs, the 16lane PolyMem uses 19.31% and the 8-lane, dual read port
configuration uses 29.04% of the BRAMs. This behavior is
the expected one since increasing the number of read ports
involved duplicating data in BRAMs.
In summary, we make the following observations:
• MAX-PolyMem is able to utilize the entire capacity of
on-chip BRAMs, allowing the instantiation of a 4MB
parallel memory on the Maxeler Vectis DFE while

This section focuses on the empirical evaluation of PolyMem’s performance in practice. We aim to demonstrate
that our implementation has a measured throughput in line
with the estimated values presented in Section IV. For this
analysis, we have used the STREAM benchmark [7], [8],
a well-known tool for memory bandwidth estimation in
modern computing systems.
The STREAM benchmark contains four applications: Copy,
Scale, Sum, and Triad. The benchmark uses three vectors A, B and C - in all its applications. The Copy application
performs a vector copy operation c(i) = a(i), which involves
one read and one write for each element copied. The Scale
application performs the scaling of a vector and stores its
result in another vector a(i) = q · b(i); thus performing two
memory accesses (a read and a write) and one floating point
multiplication per element processed. The Sum application
performs the sum of two vectors, a(i) = b(i) + c(i), featuring
two read, one write, and a floating point addition per element.
Finally, the Triad application is a combination of the Scale
and Sum, a(i) = b(i) + q · c(i), thus featuring two reads, one
write, and the two floating point operations, a multiplication
and an addition.
To use STREAM for the assessment of MAX-PolyMem,
we must design the STREAM framework using Maxeler’s
toolchain and MAX-PolyMem. A high-level view of our
design, which is open-source and available online [12], is
presented in Figure 9. The host is connected through the
PCI-e to our STREAM design, and starts the computation
by sending the Vector Sizes and Mode parameters
to define the behavior of the Controller. The Controller
generates the write and read signals for MAX-PolyMemand
selects the correct input for MAX-PolyMem’s write port by
driving the the two MUXs. The signals Wi, Wj and Wshape
and Ri, Rj, Rshape signals identify the write/read locations
for the elements to be stored in/retrieved from PolyMem.
Lastly, using the DEMUX, the controller selects the right
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Fig. 9. The implementation of the STREAM benchmark for MAX-

PolyMem. All transfers between host (the CPU) and PolyMem (on
the FPGA) are done via the PCIe link.

output stream (from A_OUT, B_OUT, C_OUT) to correctly
retrieve the data from the PolyMem.
All the results we present further in this section are obtained
using the STREM-Copy application, which enables us to
measure the achieved aggregated bandwidth for a design
with 1 read and 1 write port, and report them using the
standard reporting of the STREAM benchmark itself.
For measurements, we split the design in three separate
stages: Load, Offload, and Copy. The current stage is specified by the host through the Mode signal. During the
Load stage, the three vectors (A, B and C) are loaded
into PolyMem, which is split in three (equally-sized) regions,
to store each of these arrays. The Controller makes sure
each array is written in its own space. In the second stage,
Copy, the elements contained in vector A are copied in vector
C. The parallel read and write operations can happen in
simultaneously: the controller selects the feedback loop from
the output port of PolyMem. The delay introduced by the
read operation (i.e., its latency), is taken into account by our
design, ensuring that the controller’s inputs to PolyMem are
correctly aligned with the output of the parallel memory. The
required delay applied on the output data is 14 clock cycles
(estimated by Maxeler’s tools). Finally, in the last stage,
Offload, the host retrieves the data from the PolyMem(A,
B and C) using three separate streams.
Each of these stages is ran in isolation, orchestrated by
the host. The use of blocking calls ensures the separation
between stages, also enabling a clear separation between
the stages’ execution times. Our focus is on the accurate
measurement of the Copy stage, which represents the actual STREAM-Copy application, and is used to benchmark
MAX-PolyMem’s bandwidth.
For our experiments, we synthesized this design using a
PolyMem with 8 lanes (p × q = 2 × 4). Because we access
data in rows only, we have used the RoCo scheme. All
arrays use 64-bit elements. The maximum allocated size for
each array is 170 × 512 × 8 bytes, which amounts to around
700KB. This limitation is due to the STREAM design, using
2 read ports, which translates to 2MB of storage effectively
available. However, because STREAM-Copy only uses one
read port, the design was optimized at synthesis - i.e., its
complexity was reduced to that of a single read port design.
Thus, we were able to synthesize this STREAM-Copy design
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with one read and one write ports at 120MHz, just 2 MHz
lower than the maximum clock frequency for a 2048KB
configuration with a single read port listed in Table IV.
Figure 10 shows the combined read/write throughput we
measured with the Copy application, without the data transfers - which happen in separate stages and whose execution
time does not contribute to our measurements. The reported
data are obtained by measuring 1000 runs of the copy
operation, to ensure sufficient measurement resolution and
to limit the impact of the minimum overhead of the hostFPGA signal communication. This minimum overhead is,
according to our dedicated measurements, around 300ns,
and interferes with any measurements of applications with
comparable runtimes. This effect is visible on the left side
of the graph of Figure 10, before the memory reaches its
sustained bandwidth.
As for the theoretical peak of this memory, we have 2 ports,
each with 8 memory lanes, each lane being 64-bit wide.
Thus, the aggregated (read + write) theoretical bandwidth
of this copying operation is 2 × 8 × 8 × 120 = 15360 MB/s.
The maximum measured throughput we obtained from our
STREAM Copy benchmark is 15301 MB/s, which represents more than 99% of the theoretical bandwidth. We
conclude that our STREAM implementation validates the
peak performance of MAX-PolyMem, demonstrating very
little overhead when using the memory in practice.
VI. R ELATED W ORK
Building a memory hierarchy for FPGA kernels is recognized as a difficult, error-prone task [13], [14]. For example, [14], [15], [16], [17], [18] focus on the design of generic,
traditional caches. By comparison, our work proposes a
parallel, polymorphic memory which acts as a caching
mechanism between the DRAM and the processing logic;
instead of supporting placement and replacement policies,
our memory is configured for the application at hand, and it
is directly accessible for reading and writing.
Application-specific caches have also been investigated [19],
[20], [15], though none of these are polymorphic or parallel. Of special interest to this work is [21], where the
authors demonstrate why and how different caches can be
instantiated for specific data structures with different access
patterns. PolyMem starts from a similar idea, but, benefiting

from its multi-view, polymorphic design, it improves on it
by using a single large memory for all these data structures.
Many of PolyMem’s advantages arise from its PRF-based
design [5], which is more flexible and performs better than
alternative memory systems [22], [23], [24], [25]; its high
performance in scientific applications has also been proven
for practical applications [4], [26], [27].
In summary, compared to previous work on enabling easyto-use memory hierarchies and/or caching mechanisms for
FPGAs, PolyMem proposes a PRF-based design that, to the
best of our knowledge, is the first to support polymorphic
parallel accesses through a single, multi-view, applicationspecific software cache. Moreover, MAX-PolyMem is the
first prototype of a parallel software cache written entirely
in MaxJ, and targeted at Maxeler DFEs.

VII. C ONCLUSION AND F UTURE W ORK
This work focuses on performance improvement of FPGAaccelerated applications through increased memory-system
parallelism. In this context, PolyMem is an easily configurable, 2D multi-bank software caching mechanism which
provides both performance - by combining BRAMs, multiview parallel data accesses, and concurrent read and write
operations - with the flexibility of read/write operations. Due
to its multi-view parallel accesses, PolyMem enables applications with dense and/or sparse memory access patterns to
benefit from memory-system parallelism.
We have implemented our prototype on the Maxeler platform, using MaxJ. Thus, MAX-PolyMem is a high bandwidth parallel caching mechanism, fully implemented in
MaxJ, for Maxeler’s DFEs. As such, it can be directly
integrated in other MaxJ designs which require a parallel
memory, as proven by our STREAM implementation.
We have tested the limits of our prototype on the Maxeler
Vectis DFE board. Our results show that the design can
utilize the entire capacity of on-chip BRAMs, and parallel
memories up to 4MB, featuring up to 16-lanes, and/or
supporting up to 4 read ports are feasible. Assuming dense
access patterns, MAX-PolyMem’s estimated peak bandwidth
is up to 22GB/s for writes and above 32GB/s for reads.
Finally, using a MaxJ implementation of the STREAMCopy benchmark, we were able to confirm that MAXPolyMem can achieve more than 99% of the estimated
aggregated (read+write) peak bandwidth in practice.
In the near future, we plan to further improve our design. Additionally, we will finalize the implementation of
STREAM and use it for more in-depth analysis of MAXPolyMem’s performance. We also work to provide a proofof-concept, systematic use of MAX-PolyMem for more
complex applications. Our ultimate goal is to provide an
HLS toolchain that can analyze applications, determine the
requirements and configurations for the most suitable PolyMem based configurations, and enable the seamless integration of these high-bandwidth caching mechanisms with the
target applications.

ACKNOWLEDGMENTS
This project has received funding from the EU Horizon 2020
research and innovation programme under grant No 671653.
R EFERENCES
[1] J. Jeddeloh and B. Keeth, “Hybrid memory cube new DRAM architecture increases density and performance,” in VLSIT 2012, 2012, pp.
87–88.
[2] H. Jun, J. Cho, K. Lee, H. Y. Son, K. Kim, H. Jin, and K. Kim, “HBM
(High Bandwidth Memory) DRAM Technology and Architecture,” in
2017 International Memory Workshop (IMW), 2017, pp. 1–4.
[3] S. Yin, Z. Xie, C. Meng, L. Liu, and S. Wei, “Multibank memory
optimization for parallel data access in multiple data arrays,” in
Proceedings of ICCAD. IEEE, 2016, pp. 1–8.
[4] A. Ramirez, F. Cabarcas, B. Juurlink, M. Alvarez Mesa, F. Sanchez,
A. Azevedo, C. Meenderinck, C. Ciobanu, S. Isaza, and G. Gaydadjiev,
“The SARC Architecture,” IEEE Micro, vol. 30, no. 5, pp. 16–29,
2010.
[5] C. Ciobanu, “Customizable Register Files for Multidimensional SIMD
Architectures,” Ph.D. dissertation, Delft University of Technology, The
Netherlands, 2013.
[6] “MaxCompiler,” www.maxeler.com/products/software/maxcompiler.
[7] J. D. McCalpin, “A survey of memory bandwidth and machine balance
in current high performance computers,” IEEE TCCA Newsletter,
vol. 19, p. 25, 1995.
[8] “The STREAM benchmark website.” cs.virginia.edu/stream/.
[9] “PolyMem Code,” github.com/giuliostramondo/RAW2018.
[10] R. M. Karp, “Reducibility Among Combinatorial Problems,” in Complexity of computer computations. Springer, 1972, pp. 85–103.
[11] G. Stramondo, A. Varbanescu, and C. Ciobanu, “The Case for Custom
Parallel Memories: an Application-centric Analysis,” in H2RC, 2016.
[12] “STREAM-Copy PolyMem MaxJ Code,” github.com/giuliostramondo/
PolyMemStream.
[13] A. Putnam, S. Eggers, D. Bennett, E. Dellinger, J. Mason, H. Styles,
P. Sundararajan, and R. Wittig, “Performance and power of cachebased reconfigurable computing,” in ISCA ’09, 2009, pp. 395–405.
[14] M. Adler, K. E. Fleming, A. Parashar, M. Pellauer, and J. Emer,
“Leap Scratchpads: Automatic Memory and Cache Management for
Reconfigurable Logic,” in FPGA ’11, 2011, pp. 25–28.
[15] E. S. Chung, J. C. Hoe, and K. Mai, “CoRAM: An In-fabric Memory
Architecture for FPGA-based Computing,” in FPGA’11, 2011, pp. 97–
106.
[16] P. Yiannacouras and J. Rose, “A parameterized automatic cache
generator for FPGAs,” in FPT 2003, 2003.
[17] A. S. Gil, J. B. Benitez, M. H. Calvino, and E. H. Gomez, “Reconfigurable Cache Implemented on an FPGA,” in ReConFig’10, 2010.
[18] V. Mirian and P. Chow, “FCache: A System for Cache Coherent
Processing on FPGAs,” in FPGA ’12, 2012, pp. 233–236.
[19] H.-J. Yang, K. Fleming, F. Winterstein, A. I. Chen, M. Adler, and
J. Emer, “Automatic Construction of Program-Optimized FPGA Memory Networks,” in FPGA ’17, 2017, pp. 125–134.
[20] A. R. Putnam, D. Bennett, E. Dellinger, J. Mason, and P. Sundararajan,
“CHiMPS: A High-level Compilation Flow for Hybrid CPU-FPGA
Architectures,” in FPGA ’08, 2008, pp. 261–261.
[21] P. Nalabalapu and R. Sass, “Bandwidth management with a reconfigurable data cache,” in IPDPS 2005. IEEE, 2005.
[22] D. Kuck and R. Stokes, “The Burroughs Scientific Processor (BSP),”
IEEE Trans. on Computers, vol. C-31, no. 5, pp. 363–376, May 1982.
[23] D. Panda and K. Hwang, “Reconfigurable Vector Register Windows
for Fast Matrix Computation on the Orthogonal Multiprocessor,” in
Proceedings of ASAP, 5-7 1990, pp. 202 –213.
[24] J. Corbal, R. Espasa, and M. Valero, “MOM: a Matrix SIMD Instruction Set Architecture for Multimedia Applications,” in Proceedings of
the SC99 Conference, 1999, pp. 1–12.
[25] J. Park, S.-B. Park, J. D. Balfour, D. Black-Schaffer, C. Kozyrakis,
and W. J. Dally, “Register Pointer Architecture for Efficient Embedded
Processors,” in Proceedings of DATE, 2007, pp. 600–605.
[26] C. Ciobanu, X. Martorell, G. K. Kuzmanov, A. Ramirez, and G. N.
Gaydadjiev, “Scalability Evaluation of a Polymorphic Register File: a
CG Case Study,” in Proceedings of ARCS, 2011, pp. 13–25.
[27] C. Ciobanu, G. Gaydadjiev, C. Pilato, and D. Sciuto, “The Case for
Polymorphic Registers in Dataflow Computing,” International Journal
of Parallel Programming, May 2017.

