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Abstract—Field Programmable Gate Arrays (FPGAs) provide
a promising opportunity to improve performance, security and
energy efficiency of computing architectures, which are essential
in modern data centers. Especially the background acceleration
of complex and computationally intensive tasks is an important
field of application. The flexible use of reconfigurable devices
within a cloud context requires abstraction from the actual
hardware through virtualization to offer these resources to service
providers. In this paper, we enhance our related Reconfigurable
Common Computing Frame (RC2F) approach, which is inspired
by system virtual machines, for the profound virtualization of
reconfigurable hardware in cloud services. Using partial recon-
figuration, our hardware and software framework virtualizes
physical FPGAs to provide multiple independent user designs
on a single device. Essential components are the management of
the virtual user-defined accelerators (vFPGAs), as well as their
migration between physical FPGAs to achieve higher system-wide
utilization levels. We create homogenous partitions on top of an
inhomogeneous FPGA fabric to offer an abstraction from physical
location, size and access to the real hardware. We demonstrate
the possibilities and the resource trade-off of our approach in a
basic scenario. Moreover, we present future perspectives for the
use of FPGAs in cloud-based environments.

Keywords–Cloud Computing; Virtualization; Reconfigurable
Hardware; Partial Reconfiguration.

I. MOTIVATION

Cloud computing is based on the idea of computing as a
utility. The user gains access to a shared pool of computing
resources or services that can rapidly be allocated and released
“with minimal management effort or service provider inter-
action“ [1]. An essential advantage, compared to traditional
models in which the user has access to a fixed number of
computing resources, is the elasticity within a cloud. Even
in peak load situations, a sufficient amount of resources are
available [2].

With the theoretically unlimited number of resources, their
enormous energy consumption arises as a major problem
for data centers housing clouds. One possibility to enhance
computation performance by simultaneously lowering energy
consumption is the use of heterogeneous systems, offloading
computationally intensive applications to special hardware co-
processors or dedicated accelerators. Especially reconfigurable
hardware, such as Field Programmable Gate Arrays (FPGAs)
provide an opportunity to improve computing performance [3],
security [4] and energy efficiency [5].

A profound and flexible integration of FPGAs into scalable
data center infrastructures which satisfy the cloud character-
istics is a task of growing importance in the field of energy-

efficient cloud computing. In order to achieve such an integra-
tion, the virtualization of FPGA resources is necessary. The
provision of virtual FPGAs (vFPGAs) makes reconfigurable
resources available to customers of the data center provider.
Therefore, service providers will be called users throughout
this paper. The users can accelerate specific services, reduce
energy consumption and thereby service costs.

The virtualization of reconfigurable hardware devices is a
recurring challenge. Decades ago, the virtualization of FPGA
devices started due to the limitation of logical resources [6].
Nowadays, FPGAs have grown in size and full utilization
of the devices cannot always be achieved in practice. One
possibility to increase utilization is our virtualization approach
which allows for flexible design sizes and multiple hardware
designs on the same physical FPGA. One challenge of this
approach are the unsteady load situations of elastic clouds,
which process short- and long-running acceleration services.

In this paper, we introduce our virtualization concept for
FPGAs, which is inspired by traditional virtual machines
(VMs). One physical FPGA can consist of multiple vFPGAs
belonging to different services with different runtimes. Each
vFPGA can be configured using partial reconfiguration [7] and
the internal configuration access port (ICAP). The vFPGAs
are, therefore, flexible in their physical size and location.
Moreover, they are fully homogenous among each other and
thereby become a wholesome virtualized cloud component,
which supports even an efficient migration of a whole vFPGA
context. Especially the vertical scaleability of vFPGAs from
small designs up to full physical FPGAs is gaining impor-
tance by providing efficient utilization of the reconfigurable
resources in modern cloud architectures.

The paper is structured as follows. Section II introduces
similar concepts and related research in the field of virtu-
alization of reconfigurable hardware, cloud architectures and
bitstream relocation. In Section III, we give an overview on our
virtualization concept. Our prototype, which implements our
concept with homogenous and in their size flexible vFPGAs,
is presented in Section IV followed by device utilization,
vFPGA size and performance results in Section V. Section VI
concludes and gives an outlook.

II. RELATED WORK

The provisoning of reconfigurable hardware in data centers
and cloud environments has gained more and more importance
in the last years as shown by the overview from Kachris et al.
[8]. Initially used mainly on the network infrastructure level,
FPGAs are now also employed on the application level of
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data centers. Typical use cases in this field are background
accelerations of specific functions with static hardware designs.
The FPGAs’ special feature to reconfigure hardware at runtime
is still used rather rarely. Examples are the anonymization of
user requests [9] and increasing security [4] by outsourcing
critical parts to attack-safe hardware implementations. In most
cases, the FPGAs are not directly useable or configurable by
the user, because the devices are due to a missing provisioning
or virtualization hidden deeply in the data center.

A comparable contribution with stronger focus on the trans-
fer of applications into an FPGA grid for high performance
computing is shown in [10]. The application focus on a single
cloud service model with background acceleration of services
using FPGAs. An approach which places multiple user designs
on a single FPGA is introduced by Fahmy et al. [11], using
tightly attached FPGAs to offload computationally intensive
tasks. The FPGAs are partially reconfigurable and can hold up
to four individual user designs. The approach was extended
by Asiatici et al. in [12] with additional memory virtualization.
A cloud integration model with network-attached FPGAs and
multiple user designs on one FPGA is introduced by Weeras-
inghe et al. [13].

The term virtualization itself is used for a wide range
of concepts. An example for abstractions on the hardware
description level is VirtualRC [14], which uses a uniform hard-
ware / software interface to realize communication on different
FPGA platforms. BORPH [15] provides a similar approach,
employing a homogeneous UNIX interface for hardware and
software. The FPGA paravirtualization pvFPGA [16], which
integrates FPGA device drivers into a paravirtualized Xen
virtual machine, presents a more sophisticated concept. A
framework for the integration of reconfigurable hardware
into cloud architecture is developed by Chen et al. [17] and
Byma et al. [18].

Approaches more closely related to the context-save-and-
restore mechanism required by our migration concept can
be found in the field of bitstream readback, manipulation
and hardware preemption. In ReconOS [19], hardware task
preemption is used to capture and restore the states of all flip-
flops and block RAMs on a Virtex-6 to allow multitasking
with hardware threads. In combination with homogenous bit-
streams for different physical vFPGA positions, methods like
relocation of designs as shown in [20], provide an opportunity
for an efficient context migration of virtualized FPGAs.

III. FPGA VIRTUALIZATION APPROACH

As the cloud itself is based on virtualization, the integration
of FPGAs requires a profound virtualization of the reconfig-
urable devices in order to provide the vFPGAs as good as other
resources in the cloud. Furthermore, it is necessary to abstract
from the underlying physical hardware.

A. Requirements for Virtual FPGAs in a Cloud Environemnt
As discussed in Section II, the term virtualization is used

for a wide range of concepts. The application areas of FPGAs
in clouds require a direct use of the FPGA resources to be
efficient. Thus, an abstraction from the physical FPGA infras-
tructure is only possible in size and location. Our approach
is related to traditional system virtualization with VMs that
corresponds to a Type-1 bare-metal virtualization with use of
a hypervisor [21]. This kind of virtualization is designed for
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Figure 1. Paravirtualization concept used in RC2F to provide virtual FPGAs
(vFPGAs) using partial reconfiguration. vFPGAs can be combined to group

larger regions and thereby provide more resources.

the efficient utilization of the physical hardware with multiple
users. Therefore, it is necessary to adapt the required FPGA
resources closely to the requirements of the users’ hardware
design capsuled by vFPGAs. By this, an efficient utilization
of the physical hardware with multiple concurrent vFPGAs on
the same hardware can be achieved.

Furthermore, the vFPGA has to appear as a fully us-
able physical FPGA with separated interfaces and its own
infrastructure management like clocking and resetting. For an
efficient cloud architecture which requires elasticity [1], it is
necessary to migrate vFPGAs with their complete context (reg-
isters and BlockRAM), which requires to enclose a complete
state management of the vFPGA as described in [22]. An
extraction of internal DSP registers is not supported in recent
Xilinx FPGAs and must be considered in the design.

B. FPGA Virtualization Approach
We decided to virtualize the FPGA similar to a paravirtual-

ized system VM executed by a hypervisor to provide access to
the interfaces. Figure 1 shows an FPGA virtualization inspired
by the paravirtualization introduced before. The virtualization
is limited to the interfaces and the designs inside the re-
configurable regions, which constitute the actual vFPGAs as
unprivileged Domain (DomU). Each vFPGA design is gener-
ated using the traditional design flow with predefined regions
for dynamic partial reconfiguration [7] and static interfaces.
The vFPGAs can have different sizes (Figure 1) and operate
completely independent from each other. The infrastructure
encapsulating the vFPGAs has to be located in the static region
corresponding to a privileged domain (Dom0) or hypervisor.

The interface providing access to the vFPGAs is a so-called
frontend interface, which is connected inside the hypervisor to
the backend interface in the static FPGA region. There, all
frontends are mapped to the static PCIe-Endpoint and the on-
board memory controller inside the Dom0, which also manages
the states of the vFPGAs.

IV. FPGA PROTOTYPE RC2F
Our prototype RC2F introduced in [23] provides multiple

concurrent vFPGAs allocated by different users on a single
physical FPGA. The main part of the FPGA frame(work)
consists of a hypervisor managing configuration and user cores,
as well as monitoring of status information. The controller’s
memory space is accessible from the host through an API.
Input- and output-FIFOs are providing high throughput for
streaming applications. The vFPGAs appear to the user as
individual devices inside the System VM on the host.
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Figure 2. Virtualization frame RC2F with hypervisor, I/O components and
partial reconfigurable areas housing the vFPGAs. The vFPGAs have access

to the host using PCIe (FIFO interface and config space), to the Cloud
network using Ethernet and the virtualized DDR3 memory.

A. System Architecture
The physical FPGAs are located inside a host system

and are accessible via PCIe. On both hardware components
(host and FPGA), there are hypervisors managing access,
assignment and configuration of the (v)FPGAs. Based on
our concept, we transform the FPGAs into vFPGAs with an
additional state management and a static frontend interface as
shown in Figure 1. Our architecture, designed to provide the
vFPGAs, is shown in Figure 2. The hypervisors manage the on-
chip communication between backend and frontend interfaces
for PCIe (Our prototype uses a PCIe-Core from Xillybus for
DMA access [24]), Ethernet and a DDR3 RAM. The RAM is
virtualized using page tables, managed by the host hypervisor,
which also manages the vFPGA states we introduced in [22].
The number of frontends and their locations are defined by
the physical FPGA architecture as shown in Figure 6. The
Hypervisor Control Unit manages the ICAP controller and the
vControl units, which maintain and monitor the vFPGAs.

To exchange large amounts of data between the host (VM)
and the vFPGAs a FIFO interface is used. To exchange state
and control information the vFPGAs can be controlled by the
user via a memory interface as shown in Figure 3. The memory
is mainly intended for simple transfers and configuration tasks
like resets, state management (pause, run, readback, migrate)
and the selection of a vFPGA system clock. In addition to these
static fields, there is also a user-describable memory region
which can be used as virtual I/O. The communication using
Ethernet is also provided but out of the scope of this paper.

B. Configuration of the FPGA Hypervisor
The tasks of the FPGA hypervisor are the management

of its local vFPGAs and their encapsulation, the state man-
agement, as well as the reconfiguration using the ICAP. The
interaction between host and FPGA hypervisor is based on
the configuration memory shown in Figure 4, which includes
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Abbildung 4.9: Architektur eines vFPGAs des RC2F mit Konfigurationsspecher (vControl) und Kommunikationskanä-
len. Die Datenleitungen für den Speicher und die beiden FIFOs sind je doppelt als Ein- und Ausgabe
vorhanden.

Kennung zu ermöglichen. Der Nutzer kann den Zustand seines vFPGAs einsehen und ändern, wobei der
Hypervisor eine höhere Priorität hat. Der Nutzer kann ebenfalls auf Basis des Systemtaktes eine eige-
nen Takt für seinen vFPGA auswählen und diesen auch zurücksetzten. Die Möglichkeiten entsprechen
im Wesentlichen denen eines einfachen vollwertigen physischen FPGAs. Der hintere Teil des Konfigura-
tionsspeicher liegt in der rekonfigurierbaren Region und kann völlig frei vom Nutzer beschrieben werden.
Der Beriech kann als einfache I/O-Ports des vFPGAs angesehen werden, wodurch der Nutzer in seinen
Gestaltungsmöglichkeiten Freiheiten wie auf einem physischen FPGA hat.

4.4.2 Zustände der vFPGAs und deren Verwaltung

Um die vFPGAs wie Virtuelle Maschinen nutzen zu können sind entsprechende Zustandsübergänge und
deren Verwaltung erforderlich. Die Steuerung erfolgt dabei vom Host-Hypervisor aus über den zuvor er-
läuterten Konfigurationsspeicher des FPGA-Hypervisors. Ein direkter Zugriff der Nutzer selbst auf die
Zustände ist ebenso auch vom Konfigurationsspeicher der vFPGAs möglich. Abbildung 4.10 gibt einen
Überblick über die möglichen Zustände und deren Übergänge. Um den kompletten Lebenszyklus abzu-
decken ist dabei neben den Zuständen auf dem FPGA noch weitere Zustände auf dem Host-Systems
innerhalb des Hypervisors erforderlich um analog zu Betriebssystemen die vFPGA-Designs als Instan-
zen anzusehen, welche direkt Nutzern zugeordnet sind und auch Nutzerspezifische Daten enthalten
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Figure 3. Register and memory interface for the management of vFPGAs
accessible by the user VM (rc2f_cs).4.4 Entwurf der Virtualisierung für FPGAs im Cloud-Einsatz – RC2F
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Abbildung 4.7: Prototypischer Aufbaue des Konfigurationsspeicher für den FPGA-Hypervisor zur Administration des
physischen FPGAs einschließlich der Bereiche für die Verwaltung von bis zu 30 vFGPAs.

ein separater Beriech reserviert. Eine Zuordnung von vFPGA und realen Nutzer ist dabei lediglich dem
Hypervisor auf dem Host bekannt.

4.4.1.2 vFPGA Steuereinheit

Die vFPGAs, welche vom Nutzer wie in Abbildung 4.9 abgebildet wahrgenommen werden, stellen ein
eigenes (wenn auch virtuelles) System dar und verfügen als solches eigene Kommunikationskanäle und
einen eigenen Konfigurationsspeicher wie auch der Hypervisor. Die beiden zum Datenaustauch vorge-
sehenen Kanäle sind dabei der Streaming- und der Paketbasierte Kanal, welche in Abschnitt 4.3.3 als
notwendig erachtet worden sind. Der vFPGA Konfigurationsspeicher, welcher in Abbildung 6.1.2.2 ab-
gebildet ist wird in den Speicher der Nutzer-VM eingeblendet und kann mit Hilfe der in Abschnitt 5.1.3
erläuterten API konfiguriert werden, beziehungsweise auch von außen, ohne VM, über die Netzwerkver-
bindung. Mit Hilfe des Moduls zur

Der Konfigurationsspeicher ist dabei in zwei Teile eingeteilt. Der statische Bereich der vom Nutzer in
seinem Design nicht verändert werden kann, sondern nur im Inhalt um eine Systemweite eindeutige
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Figure 4. Register and memory interface for the management of the FPGA
hypervisor accessible by the host hypervisor (rc2f_gcs).

configuration of the FPGA hypervisor (system status, reconfig-
uration data and status) and the administration of the vFPGAs.
Other important vFPGA-related entries are an AES-key for
encryption of the vFPGA-bitsteam and the allocated vFPGA
region(s) for additional validation during reconfiguration. The
information inside the FPGA hypervisor are only accessible
and modifiable through the host hypervisor.

C. The Role of the Host-Hypervisor
Our virtualization concept on the host-system includes

passing through the vFPGAs’ FIFO channels and the config-
uration memories from the host-hypervisor to the user VMs
(DomU) and the FPGA hypervisor memory to the management
VM (Dom0). The overall system architecture on hypervisor
level of host and FPGA is shown in Figure 5. The frontend
FIFOs and the FPGA memories are mapped to device files
inside the host hypervisor. There, our system forwards the user
devices to the assigned VM using inter-domain communication
based on vChan from Zhang et al. [25] in our Xen virtualized
environment, similar to pvFPGA [16].

The management VM thereby accesses the FPGA hypervi-
sor’s configuration memory and the ICAP on the FPGA via a
dedicated FIFO interface for the configuration stream (read and
write). Thus, only the hypervisors can configure the vFPGA
regions on the physical FPGA whereby a sufficient level of
security can be guaranteed.
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D. Mapping vFPGAs onto physical FPGAs
In our example we use six frontends on a Xilinx Virtex-7.

Depending on the resources required, the utilization of up to
six different-sized vFPGAs is possible with the same static
without reprogramming. If one of the vFPGAs covers more
than one region, only one frontend connection is used as
shown in Figure 1. Among the vFPGAs, the partition pins (PP)
between the static and the reconfigurable regions are placed
with identical column offset as shown in Figure 6. The regions
forming the vFPGAs are not free from static routes as for
example the region vFPGA 5 shows.

To reduce migration times, all components which hold
the context of the current vFPGA design as registers, FIFOs
or BlockRAM, are placed at the same positions inside each
vFPGA. Therefore, it is necessary that all of these positions
exist in each region. Hardmacros like PCIe-Endpoints or
parts of the FPGA infrastructure interrupt the homogenous
structures. Thus, we establish homogenous vFPGAs, which
are identical among each other by excluding these areas in all
vFPGAs as shown in Figure 6. The advantage of this approach
is that only one mask file is necessary to extract the content
of the different vFPGAs. Furthermore, it allows the provision
of almost identical vFPGAs.

E. Extended Design flow
For our virtualization we extend the Xilinx Vivado design

flow to generate vFPGA bitstreams from user-netlists for

every possible vFPGA position. First, directly after synthesis
the required region size (single, double, etc.) is chosen (see
Table I for appropriate vFPGAs). Afterwards, the design is
placed at a first vFPGA region. Before the routing step, the
vFPGA region is expanded over the full width of the vFPGA
for unlimited routing of the design inside the uninterrupted
region. The placements of the same design for all the other
vFPGA positions are created by setting the LOC (Location)
and BEL (Basic Element Location) information accordingly
to the initial placed design. Only the routing is carried out for
the additional vFPGA designs to allow static routes inside the
different vFPGAs, resulting in designs with identical register
and BlockRAM positions for each vFPGA locations on the
physical FPGA. After generation of the first bitstream, a
mask for extracting the context bits is generated to allow an
efficient migration in significantly less time compared to our
first approach in [22]. This allows flexible placement of the
vFPGA designs at various positions in a cloud system, as
well as the migration between vFPGAs on the same or to
other physical FPGAs. The bitstreams required for all possible
vFPGA positions belonging to a single user design are stored
as virtual reconfigurable accelerator images (vRAI).

F. Description of vFPGAs
The execution of a vRAI requires allocation of a vFPGA

which fulfills all requirements. Therefore, it is necessary to
describe the vFPGAs in a particular configuration file. Figure 7
gives an overview of such an configuration, which is evaluated
by the resource management system to allocate the necessary
resources. After allocation the host hypervisor chooses from
the vRAI the appropriate bitstream and configures the device.

service = ’ba’ #Background Acceleration Service
name = ’vfpga-kmeans’ #vFPGA/User Design Name
vm = [’vm1-pvm’] #VM-Instance Name
vfpga = 1 #Number of vFPGA
size = [3] #vFPGA Size
memory = [2000] #DDR-Memory Size in MByte
vif = [’ip=10.0.0.43’] #vFPGA-IP
boot = [’running’] #Initial vFPGA-State
design = [’kmeans.vrai’]#Initial Design

Figure 7. Configuration file for the allocation of a single vFPGA with
network access and external memory of 2 GByte.

V. IMPLEMENTATION RESULTS AND SCENARIO

The resources required for the implementation described in
the previous section are shown in the following with a real-
world scenario based on our motivation from Section I.

A. Implementation
The resource consumption of our prototype introduced in

Figure 2 is shown in Table I. Furthermore, the table introduces
the size of homogenous vFPGA regions as outlined in Figure 6.

#»ρ =

(
SliceLUTs

SliceRegister
BlockRAM

DSP
...

)
(1)

is used in the following to describe the resources. The aggre-
gated homogenous vFPGAs #     »ρagg can be calculated using

#      »ρagg = #           »ρsingle · nagg − (nagg − 1) · #     »ρppr (2)

where #           »ρsingle are the resources of a single vFPGA region, nagg
is the number of aggregated vFPGAs and #     »ρppr represents the
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partition pin region (PPR) necessary to exclude the unused
frontend interfaces from the grouped vFPGAs. The open
frontends are therefore treated as stubs and are securely sealed
using a partial vFPGA bitstream. The cost of the provision of
identical vFPGAs are in the case of our Virtex-7 XC7VX485T
FPGA only 6.44% of slices registers/LUTs and 8.33% of the
BlockRAM tiles compared to a compete, but inhomogeneous
region. In our floor planning shown in Figure 6 there are
no further DSPs affected. All regions except the largest one
(Hexa), which has only one possible position, are homogenous.

The throughput between vFPGAs and host (PCIe Gen2 8x
on a Xilinx VC707) with different numbers of concurrently
active vFPGAs is shown in Figure 8. The throughput of a single
design is limited by a user clock of 100 MHz and a 64-bit data
interface. Starting from three vFPGAs, a limitation due to the
concurrent users occurs. The throughput shown in Figure 8 is
the minimal guaranteed throughput for each vFPGA.

The size of the vRAI packages and the number of possible
locations on the physical device are shown in Table II. With
69.2 MByte, a quad vFPGA with bitstreams for three possible
positions and a mask file for context migration is the largest
vRAI package. Compared to our first approach, the information
necessary for context migration is reduced by several orders
of magnitude by using homogenous vFPGAs.
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Lesen Schreiben

Single Read

package size (MB)MB/s Mean std

0.5 33.2174616128511037.0099899986957032.5508585155362030.54063273334530029.4106747250475026.7850524025633029.0542382832599033.9839261689112029.50413723283130030.47143158443910031.252840325748 2.80200902948665

1 49.4874660602119058.6560425265692 50.15782136775430055.7226276432836062.6323973799364049.1712187617276050.54821868368660055.1973188215500045.6152561008666057.6952277099541053.488359505554 5.02290886560428

2 114.96989561965600119.6287779619770083.8173432303212 109.19387373720900116.8331076265530098.3273192803942 105.7129795679990090.7576040976515082.34858527025100112.17174552161000103.376123191362 13.06041935488240

4 106.39858583683300180.70243192615100173.8340099622420176.75770344848300107.68149731723100171.85612959563300192.49606941994500198.29159964367300156.91812129106900196.80384438961200166.173999283087 31.86969669479020

8 260.02767248275400240.1238990609280271.4802255015990244.97846203689000255.47319325245800287.03977293811500248.08040812223800287.3119546748730 270.83025133885000252.0850835600920261.74309229688 15.94277175393070

16 358.5776124662560371.22100800192600365.765349841413 350.6385672684750374.1993952560650388.8891923565620359.791065015107 416.33512722309600372.3580393726110382.5907540405640374.036611084208 17.7524847842273

32 465.87061753810300426.35556298388300485.25058073928200466.2466963435760477.82377216121000556.5821424751150460.17032911221400479.4474062562950468.9726392713810530.5977542387150481.731750111977 34.94125725597450

64 671.0770501585620659.4327507648750661.3309727461620654.288529652045 673.0887818160470648.0252443588650628.994371079922 674.3089095337600632.7356264346090664.8428568863380656.812509343118 15.1770170146252

128 746.0934044886970777.4744646682120770.2683040911050774.3953964141990785.5860409717330785.7080979578280775.0732004492810756.2560780824060773.8279456864920787.2936497784890773.197658258844 12.5002380068447

256 802.4226076841430802.2080575563450802.4579541555850802.4750276470340802.4849621389700802.4633106276200802.4986161705480802.5109211282640802.5004693873770802.4752080376910802.449713453358 0.0840430602313

512 802.5968414283160802.5945823521750802.5693959205720802.601210222376 802.5888860919060802.6043692351850802.6030176292940802.5949906956500802.6064320980310802.5983582269790802.595808390048 0.0101122774319

1024 802.4226076841430802.2080575563450802.4579541555850802.4750276470340802.4849621389700802.4633106276200802.4986161705480802.5109211282640802.5004693873770802.4752080376910802.449713453358 0.0840430602313

Single Write

Mean std

0.5 688.3617884015840679.183660250612 663.789445311988 685.218706246179 675.3144199830440671.825548648674 674.8449959587550673.4199356396930668.913417181503 678.5291360575810675.94010536796106.9245854588828

1 719.0131107472770732.7200097719490739.1197637827530728.700374787284 739.9941172173390723.5786156041460737.5745301125040 738.6479176505350730.8853387879290732.7832661396960732.3017044601410 6.6467872641011

2 763.1805656321630766.1097056047190764.814234378617 764.777872804452 763.8209149097020766.7515597130850765.6901346983110766.0689849035990761.912678997624 764.8338465505460764.79604981928201.4087603127583

4 784.1534608223810781.7523409747550780.3917752803430779.0620793860330781.1233505009000782.4752085553700783.0205033520190782.6661357738370782.1714713212690783.0613329482720781.9877658915180 1.3982248593214

8 792.1075053910290791.9719608443870791.4184336668830792.6591811325380792.0159201022270790.8749636035930790.6521735368640792.5137229316790793.0785954720410793.1026496847230792.03951063659600.8059270532933

16 796.3234045077900795.4000886660250796.9151256663080796.2905732777260795.7848458390200796.8842601218870796.1475610959860798.2477994700770796.959284185946 797.2549340211990796.62078768519600.7700823304090

32 799.3901408969590799.4628845424520799.3543226315620799.539967075736 799.5054469224690799.9750964645540799.0790606028520799.2541378028600799.5227856944880799.3932374865330799.44770801204700.2200507351250

64 801.1798551654690800.5890658040060800.8800089929530800.7391225150270801.0789927954330800.5477262503640800.8875833834980801.183666195989 800.7929674553260800.3112705350860800.81902590931500.2702825201301

128 801.9569618560420801.6485310843900801.8368918091750801.4583730305550801.8399161615840801.6807184117210 801.7176901504480 801.6891754078440801.7299711712760 801.6109532478750801.7169182330910 0.1312041000567

256 802.3407481346790802.3332176608980802.3010270939640802.2469920448380802.2486720057400802.3483782846300802.2485092775120802.3303031677810802.2182265865060802.3017635654040802.29178378219500.0448712141281

512 802.4924439190780802.5527987669010802.4464695489650802.5289118336600802.5016033447530802.4892260454040802.4675128083170802.5535421444230802.5377065678640802.421475706819 802.49916906861800.0426239141019

1024 802.3407481346790802.3332176608980802.3010270939640802.2469920448380802.2486720057400802.3483782846300802.2485092775120802.3303031677810802.2182265865060802.3017635654040802.29178378219500.0448712141281

Single Total

Mean std

0.5 721.579250014436 716.193650249308 696.340303827524 715.759338979524 704.725094708091 698.610601051237 703.899234242015 707.403861808604 698.417554414334 709.000567642021 707.192945693709 8.0626069103406

1 768.500576807489 791.376052298518 789.277585150507 784.423002430568 802.626514597275 772.749834365874 788.12274879619 793.845236472085 776.500594888796 790.47849384965 785.790063965695 9.88067702195953

2 878.150461251819 885.738483566697 848.631577608938 873.971746541661 880.654022536256 865.078878993479 871.40311426631 856.826589001251 844.261264267875 877.005592072157 868.172173010644 13.3337862858238

4 890.552046659215 962.454772900907 954.2257852425850955.819782834515 888.804847818131 954.331338151004 975.516572771963 980.957735417509 939.089592612337 979.865177337884 948.161765174605 31.7665962932475

8 1052.13517787378 1032.09585990531001062.89865916848001037.63764316943 1047.48911335469 1077.91473654171 1038.7325816591 1079.82567760655001063.90884681089 1045.18773324481001053.78260293348 15.8742445550638

16 1154.90101697405001166.62109666795 1162.68047550772 1146.92914054620001169.98424109509001185.77345247845001155.93862611109 1214.58292669317 1169.31732355856 1179.84568806176001170.6573987694 18.3097782607925

32 1265.26075843506 1225.81844752634 1284.60490337084 1265.78666341931 1277.32921908368 1356.55723893967001259.24938971507 1278.70154405916001268.49542496587001329.99099172525001281.17945812402 35.0629019730244

64 1472.25690532403001460.02181656888001462.21098173912001455.02765216707 1474.16777461148001448.57297060923001429.88195446342 1475.49257572975 1433.52859388993001465.15412742142001457.63153525243 15.2625961534979

128 1548.05036634474001579.12299575260001572.10519590028001575.85376944475001587.42595713332001587.38881636955001576.79089059973001557.94525349025001575.55791685777001588.90460302636001574.91457649194 12.4415666028133

256 1604.76335581882001604.54127521724001604.75898124955001604.72201969187001604.73363414471001604.81168891225001604.74712544806001604.84122429605001604.71869597388001604.77697160310001604.74149723555 0.0761550464931

512 1605.08928534739001605.14738111908001605.01586546954001605.13012205604 1605.09048943666001605.09359528059001605.07053043761001605.14853284007001605.14413866590001605.0198339338 1605.09497745867 0.0467157954049

1024 1604.76335581882001604.54127521724001604.75898124955001604.72201969187 1604.73363414471001604.81168891225001604.74712544806001604.84122429605001604.71869597388001604.7769716031 1604.74149723555 0.0761550464931

Dual Write

package size (MB) MB/s

0.5 580.1670375081180 575.420950894716 637.9764652477680 632.3631178875170 618.7857725732460 587.6793148441670 595.0227864291100 596.8631159410220 613.4682510979670 596.4493421092830 604.9672337673170 601.8526406888550 589.3495419642020 606.0773719043250 588.0719876792850

1 639.4241559760190 636.3152070269880 662.9979926212930 635.8336510305170 643.6936420568500 627.0453654351860 627.8015284269820 625.7725393474780 637.9207481033040 658.7506520070650 624.4438548732000 647.4920078224260 641.3282054559450 656.8736881161390 617.3289354839640

2 662.8311107359240 667.2778578586350 673.9988406190100 664.189475601792 666.8407601638870 672.0566115383060 655.7285070940590 671.3781718366050 652.5475217742860 670.3856777682030 663.6794881145610 659.9717256432850 691.6714865558650 662.307784095579 677.4517110478470

4 688.1224665444970 666.1021369556740 672.8201531770160 678.5238835116490 683.4336950494040 669.0530982184440 682.9692638433720 674.2518821700150 670.6928264366480 671.3140546724210 703.2215234251910 662.1694247762100 667.9708858901080 685.3017446447330 677.9483651967540

8 681.7475228427830 674.143828229042 681.278733595502 676.0539392837550 676.4675612434210 677.8281850286180 674.2978235243190 678.540150588875 676.2128009868530 671.5959572899250 681.7108940492180 675.8354601135040 676.8743824262210 678.8213431748160 677.627827949221

16 679.6910865154430 678.6883857558260 686.0856002135590 679.7054464919380 686.8941824657530 680.7715381280240 682.6259789876750 679.8450441688950 686.78641789165 676.6978306115540 685.8936682249970 676.6253116271230 683.2161809093870 683.1483023466420 687.1920735670720

32 685.8216495443650 681.397397418916 682.2149868187660 680.5229812984190 682.223987872999 680.5814957138140 685.6347836747920 680.6703986481740 685.3275444921030 680.8677560759220 684.9105495825090 679.4337921876400 684.8732934495920 677.9219275211300 680.0823101416080

64 689.3217212299840 679.8273794736740 688.0924458839760 687.4691913117880 688.8274986241260 682.4367704260160 684.6957613467580 680.5118012161570 687.9120773599860 684.3076937293870 682.1897323071870 679.5556646755690 684.9784032898270 684.7394594196890 682.8007499359480

128 691.8620061861510 685.451569768488 691.8656196149180 685.0824953198360 683.2206980224340 678.083292653083 681.4944817319460 681.0634223882900 680.6440179126430 675.6057140732170 688.7042486711100 686.391310295755 690.7248531401310 686.2960506714650 689.4782884247400

256 690.7955321634470 685.932316647948 594.876668446798 582.0235541843230 627.8143960956230 619.1390327422300 692.2465350949870 686.9674163522670 690.9770643904220 686.6707680385710 600.2035697440260 613.82591304983 688.5808746355590 684.6491621845330 689.4321159097110

512 581.2327277088570 579.323765147584 690.260459101332 685.3372276249020 690.7929142281990 685.6223986601450 590.0381085221900 581.8292163496330 691.6032344057310 687.4543140176220 588.3406580333870 585.1098187475980 688.6972577061740 684.404685576521 691.7298424553280

1025 690.7955321634470 685.932316647948 594.876668446798 582.0235541843230 627.8143960956230 619.1390327422300 692.2465350949870 686.9674163522670 690.9770643904220 686.6707680385710 600.2035697440260 613.82591304983 688.5808746355590 684.6491621845330 689.4321159097110

Triple Write

package size (MB) MB/s

0.5 421.6135677555340 380.3337271005470 412.66828212236300 403.3748215557630 416.5795961154890 416.2320792070000 477.5120992147620 392.6716665715840 431.5925429887530 524.7856238679450 488.4110152703810 503.22527041973600 446.7097053336820 382.9809373019320 450.79025823813700

1 445.63199460796700 435.133536457984 458.8711849565170 485.72053271112400 453.19081430620900 490.1098945439800 516.8033102617100 479.67130773131100 411.1643109341050 418.5573971788140 430.1115310224440 435.5761530838220 426.69454120897200 450.15497145712800 439.17778911207100

2 461.2317328559830 437.1755876442960 455.42005912129000 467.92961369855600 448.7765282759580 458.492628727456 439.05477646166000 454.99597820748700 455.94292379155900 434.4229555894980 470.30371295289800 459.34221437359600 445.42023577688200 441.6696758706050 452.0262132996910

4 461.78531281435500 440.9343687037080 456.1170914057120 454.06387844654400 455.5553860129430 456.5563690364200 457.5799436336060 457.38658560656800 448.21267921403900 447.9310404130220 456.9738594598380 453.7715566638210 453.88264111828700 437.065946935516 453.06635120209300

8 448.9799566555940 453.14218739465900 454.9587701465120 454.0609502442140 456.6050276370400 457.5212196788350 456.4106130674650 453.4731951748180 455.6484684021290 510.00443612242300 503.51238270350900 529.2488682675370 454.0096888202360 455.36843003116700 454.73964564765300

16 453.15284306315200 448.2126032056190 453.66105966286500 454.90143971576700 454.8256999338990 456.4659292152790 454.9965746945530 451.0987905996600 454.5484756489670 457.1793629154410 450.3318092316500 455.3840189236560 473.5449973573070 438.1136138747300 475.4605071829540

32 453.3149929521250 454.7264598752790 454.56968242807100 451.96723846592000 456.46457085925800 455.86154774386400 451.7633428911720 454.8593335211560 451.3862131228880 455.2840012003640 455.8004614550520 456.6398473503560 456.1501956316440 458.10289013261100 456.3908254756960

64 457.86022323081200 458.69613280438200 458.39984547164800 457.7654803690270 458.33673658177100 458.86609249296400 457.4576916463180 458.36037572977200 458.54228535064800 454.99599327027200 455.9977665494620 455.21704607654600 455.11701728102500 457.0080197038990 455.4848730959740

128 457.19629046720500 457.7095653039150 457.6769034335940 453.54027358820900 454.3422367519620 454.155790239711 455.72621118916600 456.47948668809700 456.4239368607460 455.2066579673970 456.42457499152000 455.7884119765600 455.9771857323680 459.07143101644300 457.20465319054800

256 454.9251794501560 455.73481829805400 455.25156996822600 456.50718555055500 457.54626599654700 457.41730500569900 453.71708404683900 454.53939617141400 454.6491585491150 455.3284208608260 456.1071015129660 456.34148559677000 456.18837409415000 456.99493112734400 457.23328397514500

512 455.8385628737450 456.58589039633000 456.77010159753300 456.06712550861900 456.72922118840900 456.80745717162800 455.9219373033600 456.5686413485650 456.6957972684540 456.0448265813670 456.8399155281810 456.8819286480710 454.64172767828300 455.37372937292800 455.37205519835500

1024 454.9251794501560 455.73481829805400 455.25156996822600 456.50718555055500 457.54626599654700 457.41730500569900 453.71708404683900 454.53939617141400 454.6491585491150 455.3284208608260 456.1071015129660 456.34148559677000 456.18837409415000 456.99493112734400 457.23328397514500

Dual Read

0.5 34.51671819327300 34.02895730234180 33.21555343008770 32.936605102941200 31.21429530549990 30.852226264752600 35.7520442417061 35.299436476984500 37.05293158988080 36.59217858932130 36.78656387888570 36.36017760359220 29.252954203078800 23.506556589540600 23.097409643697500

1 61.5816598527248 60.842109599416700 67.3402450821021 66.61557152935190 65.56436627260270 64.93168236987240 57.91851510845980 57.209481858502100 55.74563970380320 55.147568389732900 60.356195834820200 48.37811659663180 63.3226578333319 62.607045685853400 68.25350731144450

2 111.45417420988400 110.34516245051200 118.48046409165000 116.91942586816400 106.04128847146100 105.41164421966500 118.53697204589900 79.82978368751910 104.08962895387900 103.6823894784390 112.33549351293500 91.21077364802780 100.64587482810400 100.00835456829200 104.43685918258900

4 141.08288048367600 140.0872479808770 175.1457588172340 173.82250377500200 170.66664971245800 168.9904890090820 175.27422906655300 173.8976433511540 182.98162871760700 181.24015102082400 186.585333203758 185.45857652916800 144.56851275162900 201.68112220269200 172.43356809703400

8 259.79562372905400 258.47285019174200 273.2954954164430 272.18223154246600 243.10038475244700 274.5043307062900 235.4441240312100 265.38171687707400 234.33413481310000 263.09510631259600 269.31361616588800 267.4013481364190 270.73913297953300 269.11918693430500 292.8516462777240

16 365.28063970439900 399.5068397928860 385.58914427668300 351.44008188902700 408.0759846119500 408.752129821807 377.5840444691020 344.52547329045900 297.9752253047210 297.7211014998660 386.67598891505400 351.6004030582880 371.8455130729040 341.2448010720330 368.4245764009930

32 486.4472012544090 434.0939088972200 531.6366830371580 497.42803956615600 449.2651956545210 426.73541275822000 475.65644679077000 448.54333161960500 438.2781081237010 463.79999776737200 479.7422693206620 480.91289114106000 482.70835344896900 455.4332217643780 492.2182737926980

64 589.5865527221350 644.2698293280880 686.4045235601160 647.5305978770350 679.9209795203020 639.6203613523280 649.9354467982010 660.0932114616390 688.4624470329710 645.0530667055520 617.2229954698660 663.3166162116200 629.570638954476 684.8926070198570 683.0015001399360

128 691.7825150783900 686.7582929762120 691.2734187855180 685.8351951026360 682.3708371409680 677.3554496040050 682.8706867685370 681.6294199211110 680.683864533321 675.6584915078300 688.8588384896980 685.8790062243170 689.49942262763 686.7541613420520 689.9958850047030

256 690.9156955657590 686.4305136449090 542.7665964842080 537.1516120103100 563.5384374422090 560.2265637715630 692.2525854044770 687.4633309255300 691.6245491119540 686.3686703296470 536.2193463215770 541.9960782574280 688.2749546773080 684.6869482134640 690.1999990978220

512 557.7408046549080 557.3665400103840 690.2527115490580 685.5893963713770 690.6849629471290 685.9144467415530 554.0768137796780 550.4001739764760 691.813612517017 687.8577629340040 559.0578283851180 558.0018366901850 688.9218483621950 684.51884074604 691.4790735964100

1024 690.9156955657590 686.4305136449090 542.7665964842080 537.1516120103100 563.5384374422090 560.2265637715630 692.2525854044770 687.4633309255300 691.6245491119540 686.3686703296470 536.2193463215770 541.9960782574280 688.2749546773080 684.6869482134640 690.1999990978220
Dual Total

0.5 614.683755701391 609.449908197058 671.192018677856 665.299722990458 650.000067878746 618.53154110892 630.774830670816 632.162552418006 650.521182687847 633.041520698604 641.753797646202 638.212818292448 618.602496167281 629.583928493866 611.169397322982

1 701.005815828744 697.157316626405 730.338237703395 702.449222559869 709.258008329453 691.977047805058 685.720043535442 682.98202120598 693.666387807107 713.898220396798 684.80005070802 695.870124419058 704.650863289277 719.480733801993 685.582442795408

2 774.285284945808 777.623020309147 792.47930471066 781.108901469956 772.882048635349 777.468255757971 774.265479139958 751.207955524124 756.637150728165 774.0680672466410 776.014981627497 751.182499291313 792.317361383969 762.316138663871 781.888570230436

4 829.205347028173 806.1893849365520 847.9659119942500 852.346387286652 854.100344761862 838.0435872275250 858.243492909924 848.1495255211690 853.674455154255 852.554205693245 889.806856628949 847.628001305378 812.539398641737 886.982866847425 850.381933293788

8 941.543146571837 932.616678420784 954.574229011945 948.236170826221 919.567945995868 952.3325157349080 909.7419475555280 943.921867465949 910.546935799953 934.69106360252 951.024510215105 943.2368082499240 947.613515405755 947.940530109121 970.479474226945

16 1044.97172621984 1078.1952255487100 1071.67474449024 1031.14552838096 1094.9701670777000 1089.52366794983 1060.2100234567800 1024.37051745935 984.761643196371 974.4189321114200 1072.56965714005 1028.2257146854100 1055.0616939822900 1024.3931034186800 1055.6166499680600

32 1172.2688507987700 1115.49130631614 1213.8516698559200 1177.95102086457 1131.48918352752 1107.31690847203 1161.29123046556 1129.21373026778 1123.6056526158000 1144.66775384329 1164.6528189031700 1160.3466833287 1167.58164689856 1133.3551492855100 1172.3005839343100

64 1278.9082739521200 1324.0972088017600 1374.4969694440900 1334.9997891888200 1368.7484781444300 1322.0571317783400 1334.6312081449600 1340.6050126778000 1376.3745243929600 1329.3607604349400 1299.4127277770500 1342.8722808871900 1314.5490422443 1369.6320664395500 1365.8022500758800

128 1383.6445212645400 1372.2098627447 1383.1390384004400 1370.9176904224700 1365.5915351634000 1355.43874225709 1364.3651685004800 1362.6928423094000 1361.32788244596 1351.2642055810500 1377.5630871608100 1372.27031652007 1380.22427576776 1373.0502120135200 1379.4741734294400

256 1381.7112277292100 1372.36283029286 1137.64326493101 1119.1751661946300 1191.3528335378300 1179.3655965137900 1384.4991204994600 1374.4307472778000 1382.6016135023800 1373.0394383682200 1136.4229160656000 1155.82199130726 1376.8558293128700 1369.3361103980000 1379.6321150075300

512 1138.9735323637700 1136.69030515797 1380.51317065039 1370.9266239962800 1381.4778771753300 1371.5368454017000 1144.1149223018700 1132.2293903261100 1383.41684692275 1375.3120769516300 1147.3984864185000 1143.1116554377800 1377.6191060683700 1368.92352632256 1383.2089160517400

1024 1381.7112277292100 1372.3628302928600 1137.6432649310100 1119.1751661946300 1191.3528335378300 1179.3655965137900 1384.4991204994600 1374.4307472778000 1382.6016135023800 1373.0394383682200 1136.4229160656000 1155.8219913072600 1376.8558293128700 1369.3361103980000 1379.6321150075300

Triple Read

0.5 31.314615017597600 31.482442588195200 30.799234503758100 28.438476307940200 36.90037715823310 28.082605623243600 27.801912988140300 28.53539868740150 28.226880070427500 37.23715523377010 28.42104128606220 28.79191230030700 26.31728864789140 33.92037775536660 25.99972705829570

1 66.19910215146410 52.690806837957100 51.66116503345580 50.81203810825400 64.43513221589710 63.40618081366030 50.162337960691400 50.684073767401700 61.78504727750140 54.46979077328240 54.298803877371200 44.384863743011200 65.11990866465270 63.94450045565460 64.73219125486310

2 97.59351412425220 82.47259792985100 99.19411720593610 86.8023718266822 105.51615113261000 103.87518320988900 80.45808322059280 79.9863889133216 79.52916185290910 75.29302922010610 74.35942882659480 104.28967955070400 100.87535096140600 101.12521068108900 99.70566977880730

4 187.46153418247400 190.32727260802800 185.53478967948700 168.7192483651490 168.3149395185340 167.36022177288100 157.0658291123930 136.20933406067700 137.92041931209500 177.1185429206340 150.03582708167600 148.6782127918860 165.1740845618150 144.20206976703700 140.94465059784800

8 211.9595232695450 237.1642327881580 137.65768382276400 245.65674964646900 246.23912994309800 243.9385104427490 256.8037776691360 229.72572083178200 256.0343368803250 249.78870933351100 250.08892831143400 248.15679249096700 246.68872691421800 198.02229757270100 196.85899551967100

16 321.67510918593900 323.9096865043190 320.28151400909100 271.9834073026710 314.5944293270820 313.33487765926200 319.972680755443 322.6520120938330 318.2683473512340 270.3720571152570 315.444133555583 269.7460170237100 273.7041148046790 340.585173477031 274.30155329786000

32 380.19899450431800 380.5390490526990 379.3930936073740 376.69444715815400 372.94531581458200 373.680596122969 369.9660577568680 311.8724941532770 370.4632647996590 376.3171349842760 376.7926524566250 375.68145324664200 386.19741040076000 323.4969873336930 322.8805491446850
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Figure 8. Throughput between host and FPGA with different numbers of
concurrent vFPGAs. The diagram shows for each number of vFPGAs the

average throughput of one representative vFPGA. The aggregated throughput
is thereby the average throughput of all vFPGA compositions on the device.

B. Scenario
In the following, we show a scenario based on a typical

real-world application for our virtualization approach. The goal
is it to migrate vFPGA designs to achieve a high utilization
as shown in Figure 9(c). In a system with jobs arriving and
being finished at different points in time, situations as shown
in Figure 9(a) can occur. The fragmentation of the physical
FPGA restricts only one small vFPGA and one aggregated
double sized vFPGA. By migrating the design from user 3 from
vFPGA 5 to vFPGA 0 as shown in Figure 9(b), an area for a
group of three vFPGAs (triple) becomes available and makes
higher utilization of the physical device possible.

VI. CONCLUSION AND OUTLOOK

This paper presented a comprehensive virtualization con-
cept for reconfigurable hardware and its integration into a
cloud environment. Our definition of the term virtualization
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(a) Fragmentation of the physical FPGA caused by
dynamic de- and allocation.
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(b) Defragmentation providing aggregated vFPGA
regions for larger designs.
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(c) Utilization of the free region with a design using
three aggregated vFPGAs (Triple).

Figure 9. Szenario with different users and designs on a Xilinx Virtex-7
XC7VX485T with six (vertically) scaleable vFPGAs.

is inspired by traditional VMs whose functionalities are trans-
ferred to reconfigurable hardware. We develop a paravirtual-
ized infrastructure on a physical FPGA device with multiple
vFPGAs. The concept is integrated into a framework, which
allows for interaction with the vFPGAs similar to traditional
VMs. We create homogenous regions for the vFPGAs on the
physical FPGA to optimize the process of vFPGA migration
between different physical FPGAs. Implementation details
are described, the necessary resources and the virtualization
overhead are presented.
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TABLE I. NUMBER OF AVAILABLE RESOURCES INSIDE THE STATIC AND THE AGGREGATED VFPGA REGIONS AND UTILIZATION OF STATIC CONTAINING
INFRASTRUCTURE AND HYPERVISOR. THE PARTITION PIN REGION (PPR) IS NECESSARY TO EXCLUDE AND ISOLATE UNUSED PARTITION PINS (PP).

Ressource Static Utilization of static region PPR Into aggregated vFPGA regions
region HFa Pb Ec Md Total Single Dual Triple Quad Quint Hexae

Slice LUTs 94,824 26% 3% 2% 11% 42% 1,200 30,800 60,400 90,000 120,800 151,600 188,400
Slice Register 189,648 11% 2% 1% 4% 18% 2,400 61,600 120,800 180,000 241,600 303,200 376,800

Block RAM Tile 369 23% 2% 2% 3% 30% 0 100 200 300 400 500 600
DSPs 726 – – – – – 20 340 660 980 1,320 1,660 1,940
aHF: Hypervisor and Frontends bP: PCIe-Endpoint cE: Ethernet dM: DDR3 Memory eLargest region without considering homogeneity

TABLE II. SIZE OF A SINGLE BITSTREAM FOR A VFPGA REGION, NUMBER
OF POSSIBLE POSITIONS INSIDE THE FPGA AND SIZE OF THE VRAIS.

Single Dual Triple Quad Quint Hexa

Bitstream (MByte) 4.8 9.0 13.0 17.3 21.3 25.3
Locations 6 5 4 3 2 1
vRAI (MByte) 33.6 54.0 65.0 69.2 63.9 50.6

One significant result of this paper is that the provision
of homogenous FPGA resources is possible with state-of-the-
art FPGAs. We think that such approaches are necessary for
establishing FPGAs in modern data centers housing clouds.
Certainly, when cloud providers like Amazon expand their
cloud architectures with high-end FPGAs, such as Xilinx
Virtex-7 UltraScale devices [26] it is necessary to utilize the
hardware efficiently with multiple designs in a scaleable frame
inside one physical FPGA. Such kind of flexible approach
allows for adaption the individual resources to the users’
requirements.
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