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ABSTRACT

Field Programmable Gate Array (FPGA) platform has been a popular
choice for deploying Convolution Neural Networks (CNNs) as a re-
sult of its high parallelism and low energy consumption. Due to the
limited on-chip computation and storage resources, FPGA clusters
are becoming promising candidates to improve CNN throughputs.
In this paper, we first put forward strategies to optimize the inter-
board resource allocation in FPGA clusters. Then we model the
multi-board cluster problem based on dynamic programming to
get the optimal topology of the FPGA clusters. Experimental re-
sults show that typical well-known CNNs with our proposed FPGA
cluster topology obtains an average throughput 4.33x than single-
board solutions and 1.87x than other state-of-the-art multi-board
solutions.
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1 INTRODUCTION

Convolution Neural networks (CNNs) have demonstrated dramatic
performances in various artificial intelligence applications. Multi-
core CPUs, GPUs and ASICs have been used to implement the
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Figure 1: Dataflow of single-board solutions.

CNN inference tasks [2, 4, 6, 37]. However, the limited degree of
parallelism of CPUs and the high energy consumption of GPUs
make these two platforms not the optimal candidates for timing-
constrained applications [13, 32]. ASICs can benefit from the high
degree of parallelism and low energy consumption, but it is not
a minor work to update ASIC architectures corresponding to the
changes of CNN structures [9, 15, 16, 25, 26]. In this context, field
programmable logic arrays (FPGAs), which are widely used in cyber-
physical systems (CPS), are becoming attractive candidates for ac-
celerating CNNGs [1, 14, 24, 35]. The high-performance computing
units on FPGAs guarantee a high throughput when executing pro-
grams in parallel, and the reconfiguration characteristic enables
FPGAs support different kinds of neural networks. A large number
of mature frameworks have been proposed to accelerate CNNs us-
ing FPGAs, which are divided into two categorizes, the Streaming
Architecture and the Single Computation Engine [30].

The Streaming Architecture uses multiple hardware modules to
deploy each CNN layer, and in FPGA systems the hardware mod-
ules are intellectual property (IP) cores. Each IP core is optimized
separately to improve the parallelism of the selected CNN layer. As

shown in Figure 1, all hardware modules (layer_1, layer_2, - - - , layer_n)

are linked as a pipeline, and intermediate results between IP cores
are transmitted in the form of data streams. Therefore, when CNN
streams transfer through the whole system, these hardware mod-
ules will work in parallel to process the data, which represents
different stages in a pipeline system. The Single Computation En-
gine is a more general solution for different kinds of CNNs. CNN
operations are abstracted as Single Instruction Multiple Data (SIMD)
instructions, and only one IP core is used for computation. Control
units and on-chip buffers are designed for instruction decoding,



data fetching and CNN dataflow scheduling. The Single Compu-
tation Engine is applied in the latest Xilinx machine learning ac-
celeration card Alveo [33], and prior works have proposed the
Instruction Set Architectures (ISAs) to implement CNNs efficiently
on FPGAs [3, 18].

Nonetheless, FPGAs are still facing great challenges to imple-
ment large-scale CNNs. The structures of state-of-the-art CNNs
are becoming more and more complicated due to the growing de-
mands for accuracy, leading to an increment of computation and
memory requirements [24]. The capacity of FPGA on-chip memory
is relatively limited (kilobytes level) [34] comparing with the size
of current CNN weight parameters (megabytes level) [20]. This
memory capacity gap introduces huge amount of data movement
between off-chip and on-chip memory, which is one of the major
factors affecting the CNN throughput.

A solution to the limited on-chip memory capacity is to deploy
CNNs on FPGA clusters instead of one single board, on the basis of
performance-oriented resource allocation strategies. Prior works
have proposed to connect FPGA boards as a linear cluster based
on the Streaming Architecture framework, in order to avoid the
reconfiguration due to the resource limitation of one single board [7,
8,11, 12, 23, 36]. However, different layers of CNNs often employ
different shapes of tensors, leading to diverse computation and
communication behaviors [31]. Based on the roofline model [18],
some of the layers are memory bounded layers, while other layers
are computing bounded layers. Such imbalance among different
layers make FPGA cluster solutions difficult to make full use of
both computation and storage resources of each FPGA when simply
using the linear topology. In addition, large-scale CNNs require a
huge number of FPGA boards to deploy them, but such design may
not be an efficient solution when small-scale CNNs are deployed.

In this paper, we observe that the topology of FPGA clusters has
significant effects on the performance of CNNs. We design a robust
quantitative model which establishes a relationship between the
topology of FPGA clusters and CNN throughput. Specifically, here
are the technical contributions of this paper.

e We analyzed current FPGA solutions and discussed the ne-
cessity of investigating the topology of FPGA clusters.

e We proposed strategies to get the optimal FPGA cluster topol-
ogy to maximize the global throughput based on dynamic
programming algorithms. A combination of data-parallelism
and model-parallelism is applied.

e We discussed solutions for splitting particular layers and
deploying fully connected layers, which are special cases in
our model.

e We deployed different kinds of CNNs on Xilinx PYNQ and
Xilinx UltraScale+ ZCU102 platforms to evaluate the per-
formance of our model. Our proposed solution achieved an
average throughput 4.33x than single-board solutions and
1.87x than other state-of-the-art multi-board solutions.

2 BACKGROUND AND MOTIVATION

In this section, we will first briefly introduce the FPGA on-chip
resources. Then we will illustrate the inefficiencies of the two state-
of-the-art single FPGA board frameworks and why FPGA clusters
can address these issues. Furthermore, the possible throughput
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Figure 2: Reconfiguration in streaming architecture.

Table 1: VGG16 configurations.

Layer Name| Input Size Output Size Weight Size Operations | Weight Reuse Time
conv3-64 | 224 *224*3 | 224 * 224 * 64 3*¥3%¥3%64 173,408,256 224 * 224
conv3-128 | 112 * 112 * 64| 112 * 112 * 128| 3*3*64 * 128 |1,849,688,064 112 * 112
conv3-256 | 56 * 56 * 128 | 56 * 56 * 256 | 3 * 3 * 128 * 256 | 1,849,688,064 56 * 56
conv3-512 | 28 * 28 * 256 | 28 *28 *512 | 3 *3* 256 * 512 | 1,849,688,064 28*28
conv3-512 [ 14*14*512 | 14*14*512 | 3*3*512*512 | 924,844,032 14*14
FC-4096 7*7%*512 4096 7*7%*512*4096| 205,520,896 1
FC-4096 4096 4096 4096 * 4096 33,554,432 1
FC-1000 4096 1000 4096 * 1000 8,192,000 1

improvement when FPGA cluster topology is introduced will also
be discussed.

2.1 FPGA Resources

State-of-the-art FPGAs consist of Look Up Table (LUT), Flip Flop
(FF), Digital Signal Process (DSP), Blocked RAM (BRAM) and other
logic resources [34]. Based on the mature frameworks implement-
ing CNNs on FPGAs, the high-throughput BRAM resources are
primarily used to store the weight parameters which are reused
frequently, and the distributed RAM is another candidate for storing
small-scale ephemeral data during the computation. LUT resources
are used for comparison operations or other logic operations in
convolution and pooling layers, and FFs can act as buffers to store
intermediate results. DSP units are usually used for complex com-
putation tasks (multiplication and addition) in convolution and
fully connected layers. To achieve a better performance and en-
ergy efficiency, making full use of these FPGA on-chip resources is
necessary.

2.2 Inefficiency of Single-board Solutions

2.2.1 Streaming Architecture. In the Streaming Architecture,
the potential issue of deploying the entire network in a pipeline is
that on-chip resources of one single FPGA board are not sufficient
to deploy all CNN layers. The limited on-chip memory capacity is
not enough for storing all weight parameters on-chip, which means
data movement between off-chip and on-chip memory or IP core
reconfiguration is required. Figure 2 shows a typical workflow of
the Streaming Architecture. Assuming the on-chip memory can
only store half of the weight parameters, so only the previous half
layers can be deployed on the FPGA board at the beginning. When
the first element of the input data stream passes through all of
the deployed layers (first half layers), it cannot be loaded back to
on-chip acting as the input for those subsequent half layers directly.



(a) Expected pipeline.

(b) Real pipeline.

Figure 3: Pipeline of single computation engine.
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Figure 4: Convolution in single computation engine.

The reason is that these computation IP cores are still processing the
left parts of the input data stream, making neither the BRAM able
to be refreshed nor the whole on-chip design can be reconfigured.
This data dependency is regarded as pipeline hazards, which affects
the overall throughput. The reconfiguration time can be omitted
if the batch size of the input data stream is large enough [29], but
it will be an issue in real time systems, like self-driving cars or
medical systems.

2.2.2 Single Computation Engine. In the Single Computation
Engine, a full utilization of the compute module is the promise of an
expected throughput. In other words, the idle cycles of DSP units
should be as short as possible. To improve the utilization of the
compute module, the double-buffer technique can be applied to
amortise the overhead of instruction decoding and data fetching,
which is shown in Figure 3a. The prerequisite of the double-buffer
technique is that the time of loading data is shorter than the time of
computation. If the loading time is longer than computing time, the
pipeline will be described as which shown in Figure 3b. Therefore,
the on-chip computation resources (DSP units) are underutilized,
and the deployed CNN cannot achieve its maximal throughput,
which is the real case.

In real cases, the fetched data are usually stored in discontinu-
ous memory addresses in DRAM, which has a long random access
latency. We will use the example of the first layer in VGG16 [25]
(configurations shown in Table 1), which is one of the most typical
CNN, to illustrate this situation. In this layer, the size of one input
feature map is 224 224 = 3, while the size of each weight kernel
is 3 % 3 % 3 with a dimension of 64. In each instruction, (3 * 3 * 3)
elements of the input feature maps will do multiplication and ad-
dition operations with the (3 * 3 = 3) 64 weight kernel elements,
producing 1 # 1 * 64 outputs, which is shown in Figure 4. We notice
that the 3 * 3 * 3 elements of the input are stored in three different
rows in DRAM, so loading these elements to on-chip memory re-
quires three DRAM read requests. We measured the DRAM read
latency in Xilinx PYNQ and UltraScale+ ZCU102, which is 35 — 40
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clock cycles, so the total loading time is more than 100 clock cycles.
The loading time is longer than the computation time, since typical
FPGA platforms contain hundreds of DSP units, which supports
the 3 * 3 * 3 multiplications being processed in parallel. As a result,
for such kind of layer, the Single Computation Engine framework
cannot obtain a satisfied performance due to the large number of
DSP idle cycles.

2.3 Importance of Cluster Topology

The lesson we learn from the above two examples is that CNNs
cannot achieve their maximal performance with single-FPGA solu-
tions. There are prior works trying to implement CNNs on FPGA
clusters. Jiang et al. [12] focused on heterogenous FPGA cluster
solutions, which is difficult to be implemented due to the lack of
unified inter-board data transmission protocols. There are other
prior works [8, 11, 17, 23, 36] focusing on homogeneous FPGA clus-
ter solutions. However, with an increasing number of FPGA boards,
the topology of FPGA clusters becomes more complex and could
affect the overall performance, which is not fully explored in their
designs.

In distributed CNN systems, there are two kinds of parallelism,
data-parallelism and model-parallelism [19]. In the data-parallelism,
single board CNN implementations are naively duplicated, and in-
put batches are partitioned and assigned to each board. In the
model-parallelism, the CNN model is divided and deployed on dif-
ferent boards, and the inputs will pass through each board as data
streams. In real-time image/video processing systems, when the
input batch size is small, the overhead introduced by inter-board
data transmission will contribute a large proportion to the overall
inference time, making the data-parallelism a better solution. In
datacenter systems, when the batch size is large, this inter-board
data transmission overhead can be amortized, making the perfor-
mance of model-parallelism better than data-parallelism. And in
some other systems, a combination of these two kinds of parallelism
will make the system achieve a better throughput. With different
parallelism modes, different cluster topology will be applied. In this
work, we will discuss how to balance these two kinds of parallelism
by exploring the FPGA cluster topology.

3 METHODOLOGY

In this section, we will discuss the techniques for modeling the
FPGA cluster solutions. Our design is built atop of the Streaming
Architecture framework, and CNN layers are considered as pipeline
stages. At first, we develop strategies to balance the processing
time of each stage to improve the overall throughput. We make a
combination of data-parallelism and model-parallelism. As shown
in Figure 5, each linear sub-cluster in our system represents one en-
tire pipeline which implements one entire CNN (model-parallelism
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intra sub-cluster), and each sub-cluster works independently pro-
cessing inputs of different batches in parallel (data-parallelism inter
sub-cluster). In addition, special cases for large-scale convolution
layers and fully connected layers are also discussed in the last part
of this section.

3.1 Overall Design Flow

In this part, we will give an overview of the design flow of our
system. As shown in Fig. 5, the inputs of our system are the FPGA
configuration (the number of LUTs, BRAMs, DSPs, FFs, etc.), total
number of boards (M), and the CNN configuration (information of
the n layers, see Table 1 as an example). The outputs of our system
are the topology of the FPGA clusters, the partition of the input
batches, and the resource allocation inside each sub-cluster.

Here are the steps to generate the desired output. At first, we
figure out the optimal sub-cluster table of all possible board num-
bers (1 ~ n). Since there are n CNN layers, we set the maximum
number of boards in one sub-cluster as n. We use intra-FPGA re-
source allocation strategy based on the Streaming Architecture
framework in [30] to get the optimal resource allocation inside
each sub-cluster. We then analyze the inter-board data transmis-
sion protocols to characterize the overhead. Furthermore, we design
algorithms based on the optimal sub-cluster table to get the optimal
topology of the FPGA clusters by dynamic programming.

3.2 CNN Dataflow

For the overall CNN dataflow, we use a combination of state-of-the-
art techniques to achieve a better performance in a more efficient
way. Prior efforts have proposed solutions for CNN acceleration,
and work Eyeriss [4, 5] presented a taxonomy of these existing CNN
dataflows. Scale-sim [21] even modeled the off-chip on-chip data
transmission bandwidth requirements for the Weight Stationary
(WS), Output Stationary (OS), and Input Stationary (IS) Dataflow.
The WS dataflow, which refers to pre-store all weight parameters
in on-chip memory before inference starts, will be applied to con-
volution layers in our model, since different pixel elements in one
input feature map share the same weight parameters, as shown in
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Table 1. For fully connected layers, considering the data reuse is less
frequent than the convolution layers, IS dataflow will be applied,
which means input feature maps instead of weight parameters will
be pre-stored in on-chip memory.

3.3 Cluster Topology

In this part, we will elaborate the methodology to get the optimal
FPGA cluster topology, and we divide our design into three parts.
Firstly, we discuss the idealistic situation. When the number of
input feature maps is approaching infinite like datacenter systems,
which means the ratio of the inter-board data transmission time to
the total inference time is approaching zero. In this case, the inter-
board data transmission overhead can be omitted. However, in most
situations, we must take the inter-board data transmission latency
and bandwidth into consideration. Therefore, we give a quantitative
analysis of the inter-board data transmission protocols, and then
build models to figure out the optimal FPGA cluster topology under
such circumstance.

3.3.1 Caselgnoring Inter-board Transmission Latency. When
the number of input feature maps is nearly infinite, or in other
words, the input data stream is a non-stop dataflow, the inter-
board data transmission latency will have little effect on the global
throughput, and we propose the model based on complete knapsack
problem to solve it.

Firstly, we use the optimal intra-board resource allocation strat-
egy from work [29] to get the Optimal Sub-cluster Table in Figure 5.
If CNN with n convolution layers is deployed on a k—board sub-
cluster, there will be C(n—1, k — 1) different combinations to divide
the n layers into k parts. The time complexity of enumerating all
possible combinations is non-polynomial (NP), so we add several
constrains to speedup the procedure.

The CNN configuration is considered as one prerequisite, and
the total size of weight parameters of all convolution layers is
part of this information. Based on the FPGA configuration, the
minimal number of FPGA boards that can provide enough on-chip
memory for storing these weights can be calculated, and we define



this number as k;y;,. To reduce the computation for searching the
optimal sub-cluster, the throughput of each sub-cluster containing
boards less than ki, is denoted as 0. We iteratively increase the
number of boards from kj,in to kmax (kmax <= n), and calculate
the throughout of each k. To shrink the computation, we define
kmax as the point where Throughput of kmax > Throughput of
kmax+1, which means the iteration will be stopped if the throughout
does not increase as the number of boards increases.

In CNNs, convolution layers contribute more than 90% of the
arithmetic operations [30], so we focus on the resource allocation
for convolution layers in this part. As the number of boards in-
creases, the inter-board data transmission bandwidth requirement
will also increase, which will be discussed in Section 3.3.2. Addi-
tionally, there are also situations that k,;, exceeds the number of
layers of the selected CNN, and this situation will be discussed in
Section 3.4.1. Strategies for deploying fully connected layers and
other kinds of layers will be discussed in Section 3.4.2 to make our
system more robust.

With the Optimal Sub-cluster Table, our model can be abstracted
as a complete knapsack problem. We define v|[i] as the throughput
of an FPGA cluster containing i boards. The i-board cluster can
be consisted of 1 — i sub-clusters, and the the global throughput
is a sum of the throughput of each sub-cluster. We use dp[i][j] to
represent the maximum throughput of a j-board cluster consisting
of only the first i kinds of sub-clusters. Since there are j boards,
there will be at most j kinds of sub-clusters, and we define the
sub-cluster containing i boards as the ith kind of sub-cluster. Then
the recurrence relation of our model can be written as:

dpli][j] =max{dp[i - 1][j], dp[i - 1][j -k =]

+kxo[i] | 0<k=i<j} W

Then this problem can be solved using the complete knapsack
model with a time complexity of O(M|M|), where M represents the
total number of boards. Prior work [8] showed that the linearity
is up to 60 FPGAs per cluster with 150 Gb/s as the inter-board
communication constraint, so the time complexity is not an issue
for state-of-the-art CPUs.

3.3.2 Inter-board Data Transmission. In FPGA cluster solu-
tions, the inter-board data transmission bandwidth and latency
are needed to be considered. If the inter-board data transmission
bandwidth is lower than the throughput of any board in the sub-
cluster, the global throughput will be constrained by the bandwidth,
which will become the bottleneck of our model.

As the network goes deeper, the channel of the input feature
map of each layer will increase. In this situation, one element of
the output in the last several CNN layers is generated by more
multiplication and addition operations than the first several CNN
layers. For instance, in VGG16 the size of input feature map of
the first layer is 224 = 224 = 3, the weight size is 3 * 3 % 3 * 64,
and the output size is 224 * 224 * 64, so each element of output is
generated by 3 * 3 * 3 multiplication and addition operations. In a
similar manner, we can calculate this value in the last convolution
layer, which is 3 * 3 % 512 multiplication and addition operations.
Therefore, the inter-board transmission bandwidth requirement for
the last several layers is less than these first several layers. If the
inter-board data transmission bandwidth makes the need of the
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first convolution layer, it will satisfy other convolution layers in
the network.

According to the Xilinx Aurora 64B/66B [28] protocol, the inter-
board data transmission bandwidth is 400Gbps with 16-lane GTY
transceivers. The Xilinx XC7VX690T platform contains 3, 600 DSP
units, and we assume that the data precision is 16 fixed-point and
the FPGA platform runs at a frequency of 300MHz, then the band-

. . .. 300%10%+16bps .
width requirement of VGG16 is W/séoép = 640Gbps assuming

a fully pipelined multiplication and addition in DSP units. Con-
sidering the data dependency that addition has to be done after
multiplication (the throughput is 320Gbps if reduced by half), the
400Gbps bandwidth meets the requirement of our system. Though
some platforms like Xilinx ZCU102 only supports up to 12-lane
GTY transceivers, Xilinx PYNQ only supports the low-bandwidth
protocol LVDS [22], these platforms contain fewer DSP units, which
means that the bandwidth requirement is less than that of Xilinx
XC7VX690T.

As for the inter-board data transmission latency, the Xilinx Au-
rora 64B/66B white book [28] claims that the maximal transmission
latency is 54 or 55 clock cycles. In order to achieve the maximal
bandwidth, more data will be packed in one data frame, resulting
in a longer latency. We use different frames sizes in Xilinx Vivado
to measure different data transmission latency. The results shows
that the data transmission latency fluctuates from 40 to 55 clock
cycles with different frame size. When inter-board transmission
bandwidth satisfies the throughput requirement, we can reduce the
frame size manually to achieve a lower inter-board data transmis-
sion latency.

3.3.3 General Model. As aforementioned, we omitted the inter-
board data transmission latency in datacenter systems. However, in
real-time systems, input images have to be processed immediately
as soon as they arrive. In this situation, the batch size has to be
considered since it cannot be infinity as which in the datacenter
model. The real-time model is abstracted as a normal integer pro-
gramming problem, and we propose Algorithm 1 to reduce the time
complexity of it.

We define f[k][x] as the maximum throughput of a k-board sub-
cluster processing x inputs (inputs per second). x is limited by the
input image size and network frame size. For example, assuming the
network frame size is 147K B, the x for VGG16 is oA 147K B =1,

224%3 Bytes
. 147KB _
and the x for LeNet-5 is 28:28+1 Byfes = 192. For each k, we use

the same constrains as Section 3.3.1 to get the Optimal Sub-cluster
Table for generating the matrix f[k][x]. We define g[i][j] as the
maximum throughput of a i-board cluster processing j inputs. The i-
board cluster can be consisted of 1 —i sub-clusters. Then the system
throughput can be written in the following recursive manner:
glil[j1 = max{gli - K1[j - x] + FIK][x]} )

The time complexity for this dynamic programming problem

is O(M?N?), where M, N represents the number of boards and in-
put images respectively. We design Algorithm 1 based on ternary
search to reduce time complexity to O(MNlogMlogN). There are
two dimensions in the objective function, we need to search each
element in both dimensions k, x to get the global optimal solution.



Algorithm 1 Solution to inter-FPGA Optimization Problem.

Input: The number of FPGA boards M; The number of input feature maps
N; The inference time of one cluster matrix f[M][N]

Output: The global optimal inference time matrix g[M][N]

1: ternary_search(g, f);

2:

3: function TERNARY_SEARCH(g, f):

4 for eachi € [1,M] do

5 for each j € [1,N] do

6: initialize the lower bound left = 1;

7 initialize the upper bound right = i;

8 while right — left > 1 do

9 mid < (right +left)/2;

10: midr & (right + mid) /2;

11: res_mid < search_x (g, f, mid, i, j);
12: res_midr & search_x (g, f, midr, i, j);
13: if res_mid < res_midr then

14: right < midr;

15: else

16: left & mid;

17: end if

18: end while

19: end for

20: end for

: end function

23: function sEarcH_x(g, f, k. i, j):

24: initialize the lower bound left = 1;

25: initialize the upper bound right = j;

26: while right — left > 1 do

27: mid < (right +left)/2;

28: midr < (right + mid) /2;

29: res_mid < gli — k][j — mid] + f[k][mid];
30: res_midr < gli— k|[j — midr] + f[k][midr];
31: if res_mid < res_midr then

32: right < midr;

33: else

34: left < mid,

35: end if

36: end while

37: return res_mid;

38: end function

The function search_x is for getting the optimal element in dimen-
sion x with an arbitrary value in dimension k, which is achieved
by comparing the midpoint value with right quartering point and
updating it iteratively until finding the extreme value point (Line
26-36). In a similar manner, the optimal element in dimension k is
obtained in function ternary_search (Line 6-18) by calling search_x
iteratively.

3.4 System Fine Tune

As aforementioned, the case of large-scale convolution layers, the
resource requirement of which exceeds the on-chip resources of
one entire FPGA board, will be discussed in this section. In addition,
we will discuss methodologies to implement fully connected and
other kinds of layers, since the solutions to convolution layers have
been addressed in Section 3.3.
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3.4.1 Splitting up Particular Layers. As the network goes deeper,
the size of input channels as well as weights will increase. As a
result, the last several convolution layers usually consume more
on-chip memory than these first several layers. In some cases, one
FPGA board is not sufficient for implementing one of such kind
of layer. To make our system support this special case, we design
Algorithm 2 to deploy such kind of layer.

We divide the D dimensions of weight parameters into f parts
and deploy them on f different boards correspondingly. For in-
stance, the ith board is used to generate the [(i — 1) * D, Sl

channels (Line 1-6) of the outputs. Different from deploying one
entire layer within one board, the ith board deploying the partial
layer needs to not only transfer the outputs of its previous i — 1
boards (Line 18-20) but also the initial inputs to the next board (Line
12-17).

To make full use of hardware resources on each board, the f parts
do not need to be divided equally, which is the flexibility of our
design. For example, we can deploy 1/3 of the selected layer and the
entire its previous layer on the first board, and deploy the left 2/3 of
that layer on the second board. If the f parts are equally partitioned,
the hardware resources might be insufficient for deploying 1/2 of
the selected layer and the entire its previous layer. In contrast, there
could be resource under utilization on the second board. With the
splitting technique, the situation of deploying large-scale CNNs on
FPGA clusters with limited resources can be well addressed.

3.4.2 Fully Connected Layers & Other Layers. The computa-
tion in fully connected layers can be considered as a special case
of convolution layer, but there also exists differences. We choose
WS dataflow for convolution layers since most convolution layers
are computing intensive and weight parameters are reused more
frequently than fully connected layers, as shown in Table 1. As a
result, we choose to buffer input feature maps instead of weights
when implementing the fully connected layers, which is known as
IS dataflow. We use a combination of two types of CNN dataflow,
shown in Figure 6, to use FPGA resources more efficiently.

For other kinds of layers, like pooling layers which do not re-
quire weight parameters, we fine tune the resource allocation for
these kinds layers after assigning the BRAM and DSP resources for
convolution and fully connected layers, since LUT resources can
perform the functionality of both computation and storage. Such
heterogeneous dataflow system can be implemented is the result of
the flexibility of FPGA platforms, and the IP cores on each board
can be easily reconfigured for various types of CNNs.

4 EVALUATION

4.1 Experiment Setup

In Section 4.2.1, we implement LeNet-5 [16] on Xilinx PYNQ clus-
ters to evaluate the necessity of considering the topology of FPGA
clusters. Since this kind of small-scale network cannot meet the



Algorithm 2 Splitting up Particular Layers.

Input: The batch size of input feature maps N; The number of parts this
layer should be divided into f8; The initial weight matrix W [D] [k * k =
C]; The input stream in;
Output: The output stream out;
1: foreachiin [1, - 1] do
2: initialize intermediate data stream cormectfr1 to transmit data from
the ith board to the i + 1th board.
3: end for
4: divided_layer(in, connectlz, WIo0: % —1][k*k=C],1);

o

: diVidedflayer(connectg_l, out, W[(f—1)x % —1:p-1][lkxk=C], B);

6

7

8: function DIVIDED_LAYER(in, out, W, id):

9 initialize A[k * k * C] to store one column of input;

for each element in [0, N — 1] do
11: for each column in input matrix do
12: for eachiin [0,k *k*C —1] do
13: Ali] & in.read();
14: if id < f then
15: out.write(Ali]);
16 end if
17: end for
18: for eachiin [0, id * % —1] do
19: out.write(in.read());
20: end for
21: for eachiin [0, % —1] do
22: calculate out one output pixel p;
23: out.write(p);
24: end for
25: end for
26: end for

27: end function

accuracy requirement of most applications, we deploy AlexNet [15],
VGG16 [25], and ResNet18 [9] on Xilinx PYNQ, UltraScale+ ZCU102
in Section 4.2.2 and Section 4.2.3 for a more comprehensive evalu-
ation. We use Xilinx Vivado HLS to develop the IP cores and use
RTL language to glue the computing, communication and control
modules by Xilinx Vivado.

We propose strategies to make a combination of measurement
and simulation results to make our evaluation methodology not
constrained by the number of FPGA boards. In our experiment, we
use one single board to implement the partitioned parts of the CNN
one by one, and measure the execution time of them separately.
Then we use the transmission latency measured in Section 3.3.2
to calculate the overall performance. The intermediate results gen-
erated by each board are sent back to off-chip memory instead of
transferring to the next board, and we use the busy signal of the
DMA module to detect when the intermediate result transmission
from on-chip to off-chip ends. This time has to be measured on real
FPGA boards, since the simulation results cannot provide accurate
DRAM memory behavior of Xilinx SOC systems.

4.2 Experimental Results

4.2.1 FPGA Cluster Topology Evaluation. Firstly, we deploy
LeNet-5 with 16-bit fixed-point weight parameters on Xilinx PYNQ

clusters to evaluate our dynamic programming model in Section 3.3.3.
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Figure 7: Performance of LeNet-5 with different batch size.
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Figure 8: Optimal topology of deploying LeNet-5.

We use the unit GOp/s/board (giga operations per second per
board) to evaluate the performance. In Figure 7, the x-axis repre-
sents the number of boards containing in the cluster, and the y-axis
represents the performance of LeNet-5. As the result suggests, an
increment of board numbers will give a higher global through-
put, but it cannot guarantee a higher average performance of each
board. The reason is that LeNet-5 is implemented more efficiently
on a 3-board sub-cluster than a 2-board sub-cluster if batch size is
infinity.

In addition, we conclude that the optimal topological structure
as well as the throughput of FPGA clusters varies as a consequence
of the modification of input batch size. Our proposed technique
generates different optimal topology for different input batch sizes.
For example, topology in Figure 8a is adopted when input batch
size is small while that in Figure 8b is derived when the input
batch size is large. When the input batch size is relatively small, the
transmission time occupies larger proportion of the total inference
time than the situation of large input batch size, which causes the
optimal topology difference.

4.2.2 FPGA Cluster Performance Evaluation. In this part, we
deploy AlexNet, VGG16 and ResNet18 on Xilinx PYNQ clusters and
make a comparison with state-of-the-art single-board and multi-
board solutions, the results of which are shown in Table 2. Due to
the limited resources of PYNQ, the last several convolution layers
of VGG16 and ResNet18 cannot be deployed on one single board, so
we use the strategy in Section 3.4.1 to deploy those layers. Due to



Table 2: Performance comparison with other single-board and multi-board frameworks.

fpgaConvNet [29] VTA [18] FINN [27] Work [36] FPDeep [8] Our Design Our Design Our Design
FPGA Platform Zynq XC7Z020  Zynq XC7Z020 Zynq XC7Z045  XC7VX690T XC7VX690T Zynq XC7Z020  Zynq XC7Z020  Zynq XC7Z020
DSPs 220 220 900 3600 3600 220 220 220
BRAMs 0.6MB 0.6MB 2.4MB 6.5MB 6.5MB 0.6MB 0.6MB 0.6MB
Precision fix-16 fix-8 1-bit fix-16 fix-16 fix-8 fix-8 fix-8
BenchMark VGG16 ResNet18 CNV-max AlexNet AlexNet AlexNet VGG16 ResNet18
Performance(GOp/s) 4853 (CONV) 48,67 (CONV) - 24655 (Overall) - 207 (Overall) 1022{Overal) 147.211Overall) 142.55(Overall) 131.52Overall)

14.63~(Overall) 7.3 1*(Overall)

7 5.33’(Overall) 25.3*70verall) 124.91“&(Overall)

" We use the ratio of convolution layer running time to total inference time in VTA, which is 15%, to deduce the overall throughput of these frameworks. Besides, the
throughput of each work is formalized to the throughout with 8-bit fixed-point data precision and 220 DSP units.

T For FPGA cluster solutions, we use the throughput per board (total throughput / number of boards) instead of global throughput to make a fair comparison.

the linear sub-cluster board number limitation, which is 60 [8], we
choose 8-bit in stead of 16-bit fixed point [10] as the data precision
to save on-chip resources.

We choose several single-board solutions, including the Stream-
ing Architecture framework fpgaConvNet [29] which achieves the
best throughput per DSP unit in [30], the Single Computation En-
gine framework VTA [18] which is one of latest open-source frame-
works, and FINN [27] which performs better because of the preci-
sion compression. Besides, we also choose other two FPGA cluster
solutions, Work [36] and FPDeep [8], to make comparisons with our
design. The performance of FPDeep is evaluated by cycle-accurate
simulator, and the performances of other four works are evaluated
on Xilinx FPGA platforms.

The fpgaConvNet achieves higher throughput than VTA because
the Streaming Architecture preforms better than Single Compu-
tation Engine framework when the batch size is large. The FINN
achieves a relative satisfied performance because it does not require
reconfiguration or BRAM refreshment, but the data compression
(1-bit precision) will lead to a low inference accuracy. FPGA cluster
solutions achieve higher throughput than fpgaConvNet and VTA
by reducing data movement between on-chip and off-chip mem-
ory and avoiding FPGA reconfiguration. Our design achieves the
performance 10.06x as fpgaConvNet, 20.14X as VTA, and 1.95X
as FINN. FPDeep achieves better performance than Work [36] by
exploring the deeply-pipelined manner of CNNs. Due to a more
balanced resource allocation strategy when FPGA cluster topology
is considered, our solution achieves a better performance than other
FPGA cluster designs.

4.2.3 FPGA Platform Selection. In this part, we will make a
discussion of how to choose the appropriate FPGA platform for
deploying various types of CNNs. Our design achieves a satisfied
performance when deploying CNNs on FPGA clusters, but when the
CNN resource requirement overwhelms FPGA on-chip resources,
like the size of weights is tens or hundreds of times as the FPGA
BRAM capacity, the overall throughput will be extremely sensi-
tive to the change of board numbers. Since WS dataflow is ap-
plied, all weight parameters have to be pre-stored on-chip. The
memory bounded layers will consume more BRAM resources than
computing bounded layers, making the BRAM bandwidth of these
computing bounded layers not sufficient to achieve the theoretical
parallelism.

For instance, as Table 3 suggests, the minimal number of PYNQ
boards for deploying VGG16 is 19. Under such circumstance, the
first 5 convolution layers are deployed on the first board, since the
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Table 3: Deploying large-scale CNNs.

Zynq # of Boards 19 20 21 22 23
XC72020 GOps /board | 34.51 | 40.98 [ 56.21 77.86 142.55

UltraScale+ | # of boards 4 5 6 7 8
ZCU102 GOps / board | 685.65 | 712.23 | 867.71 | 1030.97 | 1714.27

weight size of the first several layers is small. Under this circum-
stance, there is an unbalanced workload allocation inside the first
board, making it the bottleneck of the system. To obtain a more
balanced pipeline, we need to assign more boards for the first 5
layers, and the total throughput increases nearly 2x with a only 7%
board number change.

Instead of weight compression [27], we can choose to deploy
such large-scale networks on FPGA platforms with more on-chip
resources like Xilinx ZCU102. The results in Table 3 show that
2% of global throughput increment requires at least 40% board
number change. In this way, the throughput of the ZCU102 cluster
will not be as sensitive as the PYNQ solution. In conclusion, even
FPGA cluster demonstrates satisfied performance, we should also
guarantee the CNN weights scale the same order of magnitude as
the BRAM capacity of our selected FPGA platform.

5 CONCLUSION

In this paper, we analyze the CNN dataflow and figure out the in-
efficiencies of current single-board FPGA frameworks. The huge
amount of data movement between off-chip and on-chip memory
is the real bottleneck. We employ FPGA clusters and put forward
proper design schemes for optimizing inter-FPGA implementations
to maximize the throughput of CNNs. We develop a dynamic pro-
gramming model to partition CNN layers into several homogeneous
FPGA boards and find the potential optimal topology of the cluster.
Experimental results show that our proposed schemes for FPGA
clusters achieve a higher throughput per board than single-board
based solutions. Since the FPGA cluster topology is considered,
our design achieves a higher throughput than other FPGA cluster
solutions.
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