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Abstract—Efficient utilization of restrained memory resources
is of paramount importance in CPU-FPGA heterogeneous mul-
tiprocessor system-on-chip (HMPSoC) based system design for
memory-intensive applications. State-of-the-art high level synthe-
sis (HLS) tools rely on the system programmers to manually
determine the data placement within the complex memory
hierarchy. In this paper, we propose an automatic data place-
ment framework which can be seamlessly integrated with the
commercial Vivado HLS. We first show counter-intuitive results
that traditional frequency and locality based data placement
strategy designed for CPU architecture leads to non-optimal
system performance in CPU-FPGA HMPSoCs. Built on top of
our memory latency analysis model, the proposed integer linear
programming (ILP) based framework determines whether each
array object should be access via the on-chip BRAM, shared
CPU L2-cache, or DDR memory directly. Experimental results
on the Zedboard platform show an average 1.39X performance
speedup compared with a greedy-based allocation strategy.

Index Terms—Data placement, memory architecture, FPGA,
heterogeneous multiprocess system-on-chip, high level synthesis

I. INTRODUCTION

Field Programmable Gate Array (FPGA) becomes an in-
creasingly popular design choice for computer systems ranging
from low power embedded systems to high performance
computing architectures. Traditional FPGA design with reg-
ister transfer level (RTL) programming requires consider-
able architectural- and circuit-level experiences, which is
error-prone and time-consuming. High level synthesis (HLS)
compiles a C/C++ kernel into the corresponding hardware
description language (HDL) module. In recent years, HLS
tools gain widespread use in the design of complex FPGA
heterogeneous systems, which shortens time-to-market and
reduces the system design complexity [1].

HLS tools allow the generated HDL code to be optimized
for various design objectives including performance, energy
efficiency, or hardware cost [1] [2]. Both commercial HLS
tools (e.g., Vivado HLS [3]) and open-source tools (e.g.,
LegUp [4]) provide built-in directives for the selection of
optimization techniques such as loop unrolling, pipelining, and
array partitioning. Recent work propose heuristic methods to
enable rapid design space exploration in HLS to find near-
optimal optimization configurations of a given kernel [5]-[7].
However, these work target on the management of the logic
resources such as look-up tables (LUTs) and flip-flops (FFs).
On the other hand, memory management, especially for the
restrained on-chip memory resources, becomes increasingly
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Fig. 1. Xilinx Zyng-7000 architectural overview

important for memory-intensive applications including DNN

and video processing.

In HLS tools, the default allocation for arrays is BRAM.
However, when the arrays’ capacity exceeds the BRAM’s ca-
pacity, the programmer needs to modify source code manually.
Meanwhile, the contemporary CPU-FPGA heterogeneous SoC
architecture usually employs a complex memory hierarchy in
order to cope with the diversified memory access behavior of
applications. Fig. 1 shows the architectural overview of Xilinx
Zyng-7000 All Programmable SoC [8]. Each FPGA kernel
running on the Programming Logic (PL) part is capable to
visit data from the FPGA on-chip BRAMs, the off-chip DDR
memory via accelerator coherency port (ACP) and CPU’s
shared level-2 cache (refer as ACP in this paper), or the
off-chip DDR memory directly via high performance port
(HP) which bypasses the CPU caches (refer as HP in this
paper). Therefore, a manual data placement decision made
by the system programmer may lead to non-optimal system
performance due to the complex design space.

In this work, we propose an automatic data placement
framework for CPU-FPGA HMPSoCs. The proposed frame-
work comprehensively captures various factors that have im-
pact on the memory subsystem performance. including char-
acteristics of FPGA computation, memory access pattern, and
architectural properties. The proposed integer linear program-
ming (ILP) formulation generates an optimal data placement
scheme, which can be directly seamlessly integrated into the
Vivado HLS environment. The novel contributions of this
paper are as follows.

o We perform a systematic study on the memory subsystem
performance of CPU-FPGA HMPSoCs, which provides in-
sight understanding of the memory hierarchy and guidelines
for the data placement strategy.
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e We show counter-intuitive examples that traditional fre-
quency and locality-based data placement techniques de-
signed for the software-controlled on-chip memories in tra-
ditional CPU (scratchpad memories, SPMs) or GPU (shared
memory) result in non-optimal system performance.

« We formulate the data placement problem into an integer
linear programming (ILP) formulation, which automatically
decide the allocation of array objects. The output data
allocation scheme can be directly used as configuration
options in the Vivado Design Suite.

e We evaluate the proposed framework on the Zedboard
platform with Xilinx Zynqg-7020 HMPSoC, which achieves
an average 1.39X performance speedup compared with a
greedy-based allocation strategy.

II. RELATED WORK
A. FPGA BRAM management

In [9], Cong et al. propose various automated BRAM
buffer restructuring approaches and analytical model, which
effectively improves the BRAM utilization and system per-
formance. In [10], the line buffer data structure has been
refined, which allows better unitization of on-chip memory
and achieves 100fps when running a Binary Neural Net-
work(BNN). Chen et al. propose parallel data channels im-
plemented via BRAM to accelerate the bitonic sorting [11].
In [12], the authors introduce the DMM-HLS framework
that extends conventional HLS with dynamic memory alloca-
tion/deallocation mechanisms to be incorporated during many-
accelerator synthesis. Besides the typical usage of BRAM as
a software-control memory space, literature work propose to
organize BRAM as hardware-controlled caches via a custom
BRAM controller to reduce the complexity of BRAM man-
agement for the software programmers [13], [14]. However,
automatic BRAM resource management and data placement
in HLS have not been addressed in the literature work.

B. Data allocation

Data placement techniques have been well-studied in
the context of CPU architecture with scratchpad memories
(SPMs), which is a software-controlled on-chip memory space
similarly to BRAMs in the FPGA fabric. Suhendra et al. [15]
propose an SPM allocation strategy for CPU multiprocessor
system-on-chip, where frequently accessed data are placed to
the on-chip SPM space for a better system performance. Lu
et al. study the SPM management for stack data at function
granularity [16].

For a hybrid SPM-cache on-chip memory organization,
Verma et al. [17] propose a cache-aware scratchpad alloca-
tion algorithm. In addition to data accesses frequency, cache
interferences are considered as another factor in making the
allocation decision. Chang et al. propose contention-aware
SPM allocation algorithms to manage the hybrid on-chip
memory at run-time, where data incur frequent cache misses
are dynamically moved to SPM to improve the memory
bandwidth, with additional hardware components are required
to monitor and control the run-time data accesses [18], [19].
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To the best of our knowledge, this is the first paper that
discusses HLS-based automatic data placement problem for
off-the-shelf CPU-FPGA HMPSoC architecture, where array
objects in an FPGA kernel can be accessed from either on-
chip BRAMs, off-chip main memory via shared CPU last-level
caches, or off-chip main memory directly (bypassing CPU
caches). Compared with literature work on data placement for
software-controlled on-chip memory of CPU architecture, we
are confronted with a more complex design space, where the
characteristics of FPGA computation, memory access patterns,
as well as the architectural properties need to be explicitly
considered.

III. PERFORMANCE ANALYSIS AND MOTIVATION
A. Background

In an FPGA-based system design, it is always preferable
to allocate data in the fast on-chip BRAMs to achieve higher
memory bandwidth. However, the capacity of SRAM-based
BRAMSs are restricted due to high power consumption and low
storage density. For example, the Zyng-7020 SoC has only
4.9Mbit BRAM in total [8]. Therefore, utilizing the limited
on-chip BRAM resources efficiently has significant impact on
the overall system performance for memory-intensive FPGA
kernels. Moreover, whether to access the DDR memory via
the ACP or HP further enlarges the system design space.

B. Memory latency analysis

In order to understand the memory hierarchy performance
of CPU-FPGA HMPSoC, we build a memory access latency
model in this work. We design a set of micro-benchmarks
to measure the memory access latency for various memory
hierarchy levels on Zedboard platform with Xilinx Zyng-7020
SoC under 100MHz clock frequency. The measurement results
are shown in Table I based on Zedboard, and will be utilized in
our static data placement framework in the following sections.

TABLE I
MEASURED AVERAGE ACCESS LATENCY ON ZEDBOARD
Notation Description Cycles
BRAM,. BRAM read latency 2
BRAM,, BRAM write latency 1
ACP? ACP read latency in burst mode 2.08
ACPY, | ACP write latency in burst mode 1.23
ACPT”;? ACP read hit latency in non-burst mode 25.49
ACP"™ | ACP write hit latency in non-burst mode 22.20
ACPRY ACP read miss latency in non-burst mode 33.78
ACP2b | ACP write miss latency in non-burst mode | 33.56
HP? HP read latency in burst mode 2.08
HPY HP write latency in burst mode 1.25
HP HP read latency in non-burst mode 33.65
HPIY HP write latency in non-burst mode 27.00

In order to measure the access latency for an individual
memory hierarchy, we design a micro-benchmarking FPGA
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Fig. 2. Longest execution time with parallel accesses to an HP port.

kernel to perform the particular type of memory accesses
millions of times. For example, a kernel with repeated accesses
to a huge matrix in column-ordering via ACP can be used
to measure the average ACP read miss (L2 cache read miss)
latency, where the matrix size is designed to ensure that all
column-ordering accesses lead to cache misses given the L2
cache size.

Note that the AXI protocol supports a “burst mode” data
transaction, in which multiple data items are transferred based
upon a single address. In this mode, there is only one ad-
dress transaction for multiple sequential data transactions with
consecutive memory addresses. Vivado HLS automatically
detects whether each array access instruction can be operated
in the burst mode, and generates corresponding HDL code
that benefits from the AXI burst mode transaction. Based on
our measurement results, it makes little difference if an array
access with burst mode is visited via BRAM, ACP(.e., AOPT’.’ s
ACPY), or HP (i.e., HP?, HP?).

We observe that on the Zedboard platform, the latency
discrepancy between L2 cache hit and miss (e.g., between
ACPT and ACPMY) are less significant compared with
that for a typical CPU architecture. It is probably due to
the implementation of L2 cache access mechanism via AXI
protocol. However, the measurement results could be different
on other CPU-FPGA HMPSoC platforms.

Another observation that we have made is the memory
access delay on an individual AXI slave port (either ACP
or HP) is proportional to the number of parallel accesses
to this port due to bus and controller interferences. For
example, Fig. 2 shows the relationship between number of
master ports (read requests from parallel FPGA kernels) and
the longest kernel execution time (due to interference delay).
Note that Zedboard provides 4 separate HP ports. Therefore,
even distribution of the parallel HP requests among HP ports
generally leads to better performance.

Finally, we would reiterate that the proposed data placement
framework is generally applicable to any platforms with sim-
ilar memory hierarchy, since it makes no assumption on any
specific values or relative magnitude of the above-mentioned
memory access latencies.
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for (1 =9; i ¢ 350; i++) {
for (j = @; j < 355; j++)
C[1][j] *= beta;
for (k = 0; k < 360; k++)
for (j = @; j < 355; j++)
C[i][j] += alpha * A[i][k] * B[k][]];

Fig. 3. Motivation example
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Fig. 4. Kernel execution time under different data placement.

C. Motivating example

In this section, we show that the data placement has signifi-
cant impact on the system performance based on the Zedboard
platform with Zyng-7020 SoC. Fig. 3 displays our motivating
example of general matrix multiply (GEMM) from Polybench
[20] (modified to show the actual data size). We assume that
at most 1 of the 3 arrays can fit into the on-chip BRAMs. The
experimental results are presented in Fig. 4, where A%B*C"
indicates an allocation scheme that array A, B, and C are
allocated to ACP, BRAM, and H P ports, respectively.

The results show that the optimal allocation (A*C®B")
leads to 3.14X speedup compared with the worst allocation
(APChBY). Moreover, we would like to highlight some
results that may be counter-intuitive to traditional CPU-based
SPM allocation schemes.

Obs. 1 Array C has significantly higher read and write
frequency compared with other two arrays. However, all
schemes that map array C to on-chip BRAMs lead to non-
optimal performance. On the other hand, since all accesses
to array C' are burst transaction, accessing C' via ACP or
HP and utilizing BRAM for other data objects may result in
better system performance.

Obs. 2 Although array A has better temporal locality w.r.t.
B and C, we should not access A via ACP and L2 cache.
In this example, it is best to allocate A to BRAMs since
accesses to A are the only non-burst transactions.

Obs. 3 The scheme A*C"B’ outperforms A*C*B® even
though we have more accesses via the faster ACP. This
is because when multiple parallel (non-burst) accesses are
mapped to the same slave port (ACP or one of the HPs), the
port interferences retard the throughput of the particular port.
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IV. DATE PLACEMENT FRAMEWORK

Fig. 5 shows the proposed static data placement framework
for CPU-FPGA HMPSoC, and its integration with the original
HLS toolchain. The source code is first compiled into Low-
Level Virtual Machine (LLVM) intermediate representation
(IR) [21] via the Clang front end. Second, we generate the
dynamic data dependence graphs (DDDGs) via the instruction
traces to represent the control- and data-flow of the FPGA
kernel without generating RTL implementations. Meanwhile,
the obtained data access traces are fed into a cache simulator
to obtain the cache interference information. Finally, we for-
mulate this problem into an integer linear programming (ILP)
formulation, where the resulted optimal data allocation scheme
is written into a “.tc]” configuration file for the subsequent
HLS compilation.

A. LLVM and DDDG

The LLVM has been widely used in program analysis and
optimization. We use the /lvm::Pass module to add profiling
instrumentation to get the data access and instruction traces.
We then use to the Aladdin simulator [22] to generate DDDGs
from the instruction traces, which has been proved to represent
the FPGA kernel’s control and data flow accurately ( [7], [22]).
Various techniques including tree height reduction and read-
after-write dependency can be applied to generate optimized
DDDGs.

Fig. 6 shows an example C source code and the generated
optimized DDDG for the loop body (the control flow is

Design, Automation And Test in Europe (DATE 2019)

omitted for simplicity). In this case, all load instructions are
executed in parallel, and the execution time is bounded by the
longest path in the graph.
B. ILP formulation
Decision variables. We first define a set of binary decision
variables to indicate whether an array is allocated to a partic-
ular memory hierarchy. For example,
1, if array a; is allocated

to BRAM; 1)
0, Otherwise.

in_bram(a;) =

indicates whether array a; is allocated to BRAM. Similarly,
we define the binary variables in_acp(a;), in_hp[0](a;),
in_hp[1](a;), in_hp[2](a;), in_hp[3](a;) to indicate whether
Array 1 is allocated to the ACP port or one of the 4 HP ports
(Zedboard implements 4 separated HP ports), respectively.
Given that each array can be accessed from a fixed port, we
have
3
in_bram(a;) + in_acp(a;) + Z in_hplk](a;) =1  (2)
k=0

Execution time of a basic block. The execution time of a
basic block bb; can be recursively calculated given its DDDG
representation, i.e.,

Typ:“ = Tsink(vp,) + max T, |Vn € pred(sink(bb;))  (3)

where sink(bb;) is the unique sink node of the DDDG
for bb;, pred(n) returns all predecessor nodes of n in the
DDDG. If a particular node represents an operator (e.g., add,
multiplication, etc) or a register access, its execution time can
be provided by HLS. Otherwise, if a node represents a memory
load instruction (similar to the store instructions) of array a;,
we have

Tioad(a;) = TioadBRAM (a;) T TioadacP(a;) T TioadH P(a;) (4)
where

TioadBRAM (a;) = in_bram(a;) * BRAM, 3)

TioadACP(a;) = in_acp(a;) * (burst(a;) * ACP! +
(1 — burst(a;)) * (ACP™ x HitRate(a;) + 6)
ACP™ « MissRate(a;)))

3

TioadHP(a;) = Z in_hp[k];  (burst(a;) * HP?+ )
k=0

(1 — burst(a;)) * HP;”I’)

The memory access latencies are predetermined constants for
the given platform (refer to Section III-B). For the correspond-
ing load instruction, if the array accesses are in the burst
model, we have burst(a;) = 1; otherwise burst(a;) = 0. The
HitRate(a;) and MissRate(a;) are the L2 cache hit and
miss rate for the given instruction, which is obtained from the
cache simulation as shown in Fig. 5.
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Port contention. Given that the port interference delay is
proportional to number of parallel accesses to the port (Section
III-B), We consider the port contention as an additional execu-
tion time overhead for parallel memory accesses with potential
port interference. Let par be a set of parallel accessing array
objects in the DDDGs, and P(bb) be the set all such parallel
array sets in a basic block bb, we have the port contention
delay for each execution of bb as follows,

Z ( Z in_acp(a;) * costgep

par€P(bb) Ya;Epar

+ Z( Z in_hplk](a;) * costyp))

k=0 VYa;Epar

port __
Tbb -

®)

where costacp and costyp is the measured port contention
delay between two parallel accessing arrays.

Cache interferences. In this work, we use the standalone
mode in Xilinx SDK. Therefore, the data memory traces
contain the physical address to be used in accessing the
physically-index physically tagged cache. Similar to [17], we
build the cache conflict graph to estimate the overall cache
interferences between each pair of arrays. Two arrays a; and a;
may have cache interferences only if both of them are allocated
to the ACP port, we have

, 1, if in_acp(a;) Ain_acp(a;)
conflict(a;,a;) = 9
Jlict(a;, a;) {0, Otherwise. ©)
The overall cache interference cost can be estimated as
N-1 N
Teache — conflict(a;,a;)*
> Y Cmftitaa)s

i=0 j=i+1

con flictCount(a;, a;) * costec)

where N is the total number of arrays in the kernel,
con flictCount(a;, a;) is the number of cache conflicts be-

tween the two arrays given in the cache conflict graph, and
the per-conflict cost

costo. = ACP™ — ACPRY

given the memory access latencies in Section III-B.
Objective. Finally, given the DDDG representation of an
FPGA kernel, the overall execution time can be estimated as

Tootar = Y (T + T ) = Ny, + T (11)

bb;€B
where B is the set of all basic blocks, and N, is the
known execution count of basic block bb;. The objective of the
ILP formulation is to minimize the above-mentioned overall
execution, subject to the BRAM capacity constraint
N

Z(in_bram(ai) * size(a;)) < siz€pram
i=0

12)

where N is the total number of arrays in the kernel, size(a;)
and sizep,qm are the size of array a,; and total BRAM capacity,
respectively. The results of the ILP formulation are the optimal
data placement scheme which can be automatically accepted
by HLS to perform data allocation.

1370

V. EXPERIMENTS
A. Experiment Setup

The evaluation results are obtained on the Digilent Zed-
board Evaluation Board, which contains two Cortex-A9 ARM
cores and a Xilinx Zyng-7020 chip running at 100MHz. We
disable the cache prefetch and enable the read/write cacheline
allocation. We use Vivado Design Suite v2016.4, LLVM 3.4
with Clang 3.4 to generate the HDL and bitstream. Gurobi
with Python interface is adopted as the ILP solver.

Table II shows the selected benchmarks from Polybench
[20] and input size (defined by the variables in the “Input
Size” column) used in our evaluation. We choose all available
benchmarks from Polybench such that each benchmark con-
tains at least three arrays with tunable data size. As results, we
have a relatively large design space to explore, where different
subsets of the arrays can be fit into on-chip BRAMs (but not
all of them).

TABLE 1II
BENCHMARKS AND INPUT SIZE
Application| Description Input Size
2MM 2-Matrix multiply 1:200 J:210 K:205 L:215
3MM 3-Matrix multiply 1:165 J:170 K:175 L:180
M:185
GEMM Matrix multiply 1:350 J:355 K:360
SYMM Symmetric matrix multiply M:330 N:360
SYR2K Symmetric rank 2k M:360 N:350
DERICHE | Deriche recursive filter W:362 H:360
ADI Alternating direction implicit TSTEPS:5 N:360
FDTD-2D Finite-Difference Time-Domain | TMAX:5 X:245 Y:255
GS Modified Gram Schmidt M:360 N:350

Given that there is no literature work on data placement for
CPU-FPGA HMPSoC, we design a simple GREEDY strategy
as the baseline. In this strategy, the arrays with the highest per-
element access frequency are allocated into BRAMs subject to
the BRAM size. For arrays that have identical access frequency
and size, the BRAM allocation priority follows the order
of array declarations in the source program. All other array
objects are accessed via the ACP port, which follows the
intuition that caches in general speedup the memory subsystem
performance (compared with accessing these data directly
from the DDR via HP ports).

B. Experiment results

TABLE III
ALLOCATION RESULTS

Application greedy opt Time

BRAM ACP BRAM ACP HP (ms)
2MM A,tmp,D B.C tmp,C,D B A 1.5
3MM E.FC,G A,B,D B.,ED.G E AC 14
GEMM C AB A C B 1.4
SYMM C AB C B A 6.6
SYR2K C AB B A C 4.1
DERICHE yl iL,iO,y2 i0 ylLy2il | N/A | 2.1
ADI p u,v,q v p,u q 11.6
FDTD-2D y,z,f X x,z,f y N/A 1.5
GS A Q.R A Q R 1.2
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Fig. 7. Experiment results

The experimental results in Fig. 7 show an average 27.89%
performance improvement (1.39X speedup) with the proposed
data placement framework compared to a greedy approach.
Table III shows the allocation results for both approaches, as
well as the total analysis time of the proposed framework. We
make the following observations in the experimental results.
o The average performance improvement for 2MM, 3MM,

GEMM, FDTD-2D is around 36%. The main reasons for the

speedup are (i) the greedy-based allocation maps the array(s)

with highest frequency to BRAMs, without considering the
burst mode accesses; (ii) mapping parallel no-burst accesses
to the same ACP/HP port leads to port contention.

e« For SYMM and GS, both approaches allocate the same
array to the BRAM space. Our approach leads to further
performance improvement by separating non-burst array
accesses to different ports to avoid port contention and L2
cache conflicts.

e For both SYR2K and ADI, they contain multiple non-burst
accessing arrays with poor locality, these arrays should
be given priority to BRAM allocation subject to BRAM
capacity, and separated to different ports to avoid port and
cache conflicts.

e« DERICHE is a computation-bounded kernel, where the
memory subsystem performance has less impact on the
overall system performance.

VI. CONCLUSION

In this work, we propose an HLS-based automatic data
placement framework CPU-FPGA HMPSoC architecture. We
show that besides the traditional considerations including
access frequency and locality, other computation and archi-
tectural characteristics need to be captured in order to obtain
an optimal allocation scheme. Experimental results on real
platform show that the proposed framework leads to significant
overall system performance improvement.
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