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ABSTRACT

Runtime power and thermal management has attracted substantial
interests in multi-core distributed embedded systems. Fast
performance evaluation is an essential step in the research of
distributed power and thermal management. Compared to software
simulation, an FPGA-based evaluation platform provides fast
emulation speed which enables us to test the performance of
power/thermal management policies with real-life applications and
OS. Compared to computer clusters, an FPGA-based platform has the
flexibility to be configured into any network topology and hardware
sniffer for performance monitoring can be added easily. This paper
presents an FPGA based emulator of multi-core distributed embedded
system designed to support the research in runtime power/thermal
management. The system consists of multiple FPGAs connecting
through Ethernet with each FPGA configured as a multi-core system.
Hardware and software supports are provided to carry out basic
power/thermal management actions including inter-core or inter-
FPGA communications, runtime temperature monitoring and
dynamic frequency scaling.
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1. Introduction

High power consumption and high working temperature have become
a major issue in the design of today’s embedded systems. They
increase cooling cost, degrade the system reliability and also reduce
the battery cycle time in portable devices. Recently, research in
Dynamic Power Management (DPM) and Dynamic Thermal
Management (DTM) has attracted substantial interests. The DPM
controller dynamically slows down or turns off the computing device
when it is idle or under-utilized to reduce the system power
consumption [21]. The similar actions are taken by the DTM
controller when the die is (or is predicted to be) over heated [22]. The
effectiveness of DTM and DPM relies heavily on the workload
pattern of the computing device, which is determined by task
scheduling and ordering policies, the nature of applications running
in the system as well as user input activities. Furthermore, the impact
from the OS, such as the overhead of context switch and power mode
switch, also affects the efficiency of DTM and DPM.

In this paper, we present an FPGA-based distributed computing
platform designed to support the research in distributed embedded
computing with power/thermal management capabilities. The system
consists of multiple FPGAs connecting through Ethernet links with
each FPGA configured as a multi-core system. Hardware and
software supports are provided to carry out basic power/thermal
management actions including inter-core and inter-FPGA
communications, runtime temperature monitoring and dynamic
frequency scaling. In the experiments, we evaluated the inter-FPGA
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and inter-core communication delay, tested the function of the
distributed computing system using a case study of parallel matrix

multiplication, and evaluated the function of dynamic frequency
scaling and temperature sensing by measuring the temperature
change of the CPU when it is running at different frequencies.

Compared to software simulation, an FPGA-based evaluation
platform provides fast emulation speed which enables us to test the
performance of power/thermal management techniques with real-life
applications and OS. Compared to computer clusters, an FPGA-based
platform has the flexibility to be configured to any hardware
architecture and network topology. Hardware based sniffers for
performance monitoring and traffic analysis can also easily be added.

Many works have been performed to emulate or develop
multiprocessor distributed system using FPGA. Reference [1] gives a
good overview of FPGA-based multiprocessor systems. References
[3][4] aim at creating an FPGA-based multiprocessor or distributed
platforms for teaching purpose. References [5][6] focus on the
memory and synchronization problems in an FPGA-based multi-
processor system. The authors of [7][8][9] propose different
architectures for FPGA-based multiprocessor or distributed system
for video applications.

There are also works focusing on FPGA-based multi-processor or
distributed system emulator for power and thermal optimization. For
example, the authors of [10] present a hardware and software co-
systhesis framework for FPGA-based distributed embedded system in
order to achieve low power design. Reference [11] uses FPGA to
emulate the power consumption of a multiprocessor system in order
to guide task migration. Reference [2] presents the HW/SW of an
FPGA-based emulation framework that enables the rapid extraction
of a large range of statistics, including thermal modeling , at different
architectural levels of MPSoC designs. Both [11] and [2] demonstrate
that the FPGA-based HW/SW emulation achieves much faster speed
than the software simulation.

Our work differs from all the previous works as we created a generic
distributed platform using FPGA where power and thermal
managements are possible. The main contributions of this paper are:

1. We created a multi-core distributed computing platform using Nios
1l Embedded Evaluation Kit (NEEK). The platform consists of
multiple FPGAs with each FPGA configured as a multi-core
system. The processors on the same FPGA communicate with each
other through shared memory and different FPGAs communicate
with each other through Ethernet links using the TCP/IP stack.

2. Each core is on a separate clock domain and has the dynamic
frequency scaling capability.

3. Each core has its own temperature sensor that mapped to its local
address space.

4. Software supports for inter-core and inter-FPGA communication,
dynamic frequency scaling and temperature monitoring are
provided. Their latency and overhead are analyzed.
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5. A case study is provided that shows how to do distributed matrix
multiplication using the proposed platform.

The rest of the paper is organized as follows: Section 2 briefly
introduces the software and hardware resources on Altera Nios II
Embedded Evaluation Kit, which is the base device of our distributed
computing platform. Section 3 presents the details of the system
architecture and Section 4 talks about the design of frequency scaling
and temperature monitoring modules. Section 5 gives the
experimental results and analysis. Section 6 is the conclusion.

2. Altera Nios II Embedded Evaluation Kit (NEEK)

Although the proposed distributed computing platform can be
implemented on any major FPGA, its architecture selection is more
or less affected by the hardware and software resources on the FPGA
that is chosen for this project. In this section, we give a brief
introduction of the resources on the Altera Nios II Embedded
Evaluation Kit (NEEK). We will only focus on those resources that
will be used in our work.

The Altera NEEK Cyclone III edition has one Cyclone III
EP3C25F324 FPGA with 25,000 Logic Elements and 594 Kbits
embedded memory, 32 MB DDR SDRAM, 1MB SRAM, 16 MB
Intel P30/P33 Flash, 800 X 480 touch-screen LCD, Ethernet 10/100
Mbps, and PS2 and RS-232 connector,. The Nios II is a soft IP core
of the embedded processor designed specifically for Altera FPGA. In
this work, we choose the MicroC/OS-II RTOS [12] whose full ANSI
C source code is included in the Nios II Embedded Design Suite. The
MicroC/OS-1I is a multitasking operating system that supports

maximally 64 tasks with distinct task priorities (ranging from 1 to 64).

It supports preemptive scheduling, and always runs the highest
priority task that is ready.

The full ANSI C source code of NicheStack TCP/IP Network Stack
(Nios II Edition) is also distributed by Altera as part of the design
suite. The network stack can be used with the 10/100 Mbps Ethernet
Controller (PHY) provided by Altera to establish socket
communication via Ethernet links.

3. System Architecture

The proposed distributed computing platform has hie-rarchical
architecture, which is shown in Figure 1. The system consists of
multiple FPGAs connecting via Ethernet links. Each FPGA is further
configured as a multi-core system. The cores on the same FPGA
communicate via shared memory, while different FPGAs
communicate via Ethernet Links.
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Figure 1. Hierarchical architecture
3.1 Single FPGA multi-core system
There are multiple Nios II subsystems on a single FPGA.

Figure 2 shows the block diagram of one of the Nios II
subsystem including its memory and some basic peripherals. The
JTAG UART provides the debugging port interface. A High
Resolution Timer is included to measure the program execution time.
The parallel I/0 (PIO) provides control and monitoring to clock

generation block and the temperature sensor, which will be discussed
in Section 4.

One or multiple shared memories are connected to each Nios II
subsystem. These shared memories are configured as hardware
mailbox for communications among processors on the same FPGA.
Among all the Nios II subsystems on the same FPGA, there is one
that has Ethernet interface module. The Ethernet interface module
consists of a DMA Controller, a Descriptor Memory and the Ethernet
MAC. The Nios II subsystem that has the Ethernet interface acts as a
gateway for inter-FPGA communications in the distributed
computing system. All peripherals are connected to the Nios II
processor via Avalon memory mapped interface [23]. The Avalon
streaming interface [23] is used to connect the DMA to the Ethernet
controller.
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Figure 2. Processor configuration

The on-chip inter-processor communication is achieved using the
mailbox [13]. Figure 3 shows an example of the topology of
connections among 4 on-chip processors. Between any two
processors that communicate to each other, a shared memory is
inserted. The shared memory is configured into 2 mailboxes. One of
them stores outgoing messages and the other stores incoming
messages. The mailbox core contains hardware mutexes to ensure the
mutually exclusiveness during communication through the shared
memory where the actual messages are stored. In Figure 3, MB,, is
used to store the messages sent from Py to P, while MB,; is for those
sent from P, to P;. Both MB;, and MB,, are attached to the same on-
chip memory block that connects to both processors. Note that Figure
3 shows only a simplified system where the communication can only
happen between P; and other 3 processors. The system can be
configured to implement different topologies of inter-processor

communication network, such as a ring or a mesh.
P,

) ) [r]

SM,, SM,;
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P:processor; SM: on-chip shared memory; MB: Mailbox
Figure 3. Topology of on-chip inter-processor connections

To post a message to an outgoing mailbox, the Mailbox API function
altera_avalon_mailbox post() must be used. The Mailbox API
function altera_avalon_mailbox pend() can be used to read a
message from an incoming mailbox. The
altera_avalon_mailbox pend() function provides blocking wait for a
message in the specified mailbox. In a multi-tasking OS such as
MicroC/OS-II, if the mailbox is empty when the function is called,
the process will be blocked and switched to be inactive. The process
will be switched to the ready list when the mailbox is no longer
empty.



It is necessary to point out that although the mailbox core and its
supporting API provide a convenient way to achieve inter-processor
communication, its speed is relatively slow for large data
communication as we will show in the experimental results. This is
because the mailbox API allows the processor to read or write only
one 32 bit message each time. For high speed inter-processor
communication of large amount of data, hardware mutex core [14]
with shared memory should be used.

3.2  Multi-FPGA distributed system

The overall distributed computing platform consists of multiple
FPGAs connecting via Ethernet links. We use the notation K:P; to
represents the jth processor on the ith NEEK. All NEEKs are
connected through their Ethernet port, which is connected to the first
processor of the kit. Therefore, the K/P,, 1<i<4 acts as the
communication gateway. The gateway processor establishes the
socket TCP/IP connections with all other gateway processor in the
distributed system. For each TCP/IP socket, a receiving process is
created that performs blocking wait for the incoming data. To send
data from K;P, to K;P,, where i# and x, y # 1, the processor K;P first
sends the data to the gateway processor K;P; via the mailbox, the data
is then transmitted from K;P; to K;P; through TCP/IP socket, and
finally the data is sent from K;P, to K;P, via the mailbox.

As we can see from the above analysis that, in addition to the user
applications, each processor must maintain a set of receiving
processes waiting for the incoming data from either the mailboxes or
the socket interfaces. We use semaphores to coordinate the execution
of different processes. For example, in the matrix multiplication
example that will be discussed in Section 5.2, the calculation process
will wait on a semaphore which will be released by the receiving
process when all data for the calculation are ready.

4. Frequency Scaling and Temperature Monitoring

Each Nios II subsystem has a hardware clock generation and
selection block and a temperature sensor that provides the processor
with dynamic frequency scaling and temperature monitoring
capabilities.

4.1 Glitch free clock switching

One way to achieve dynamic clock frequency scaling is to
reconfigure the Phase-Locked Loop (PLL) during the runtime. The
Altera Phase-Locked Loop Reconfiguration Megafunction [16] can
be used for this purpose. However, to reconfigure the Altera PLL [17]
during runtime takes several microseconds, which is quite large
performance  overhead.  Furthermore, the Reconfiguration
Megafunction consumes lots of reconfigurable logic resources as well
as on-chip memories, and it requires complicated control.

The second way to achieve dynamic frequency scaling is to switch
among a set of clocks running at discrete frequency levels. Each
Altera PLL generates up to 5 different output clocks, which is the
same as the number of frequency levels supported by an XScale
processor. The biggest challenge in designing a clock selection
module is how to avoid the clock glitch during the transition period.

Figure 4 shows the glitch free clock generation and selection module
implemented in our system. Based on the 4 bit control signal (i.e.
control[3:0]) , it performs 4-to-1 selection from the output clocks
generated by the PLL. In this design, the ALTPLL block is the Altera
PLL Megafunction; the ALTCLKCTRL block is the Altera Clock
Control Megafunction which performs clock enable/disable and clock
selection [18]; and the LPM_MUX is a normal multiplexer. The
DFFO0~DFF3 are D-flip flops. They introduce delays during certain
clock transitions to prevent glitch. More details about their function
will be discussed later.

Note that the ALTCLKCTRL can only performs 2-to-1 clock
selection, if the clock signals are generated by the PLL. Therefore,
we have to used 2 ALTCLKCTRL blocks to multiplex 4 clock
signals generated by PLL. To guarantee glitch free clock transition,
the “ensure glitch-free switchover implementation” option of the
ALTCLKCTRL must be enabled. At anytime, at most one
ALTCLKCTRL is active.

The Quartus II software does not support concatenation of clock
controllers. That is why a normal multiplexer is used to select the
outputs of the 2 ALTCLKCTRL blocks. In Quartus II Analysis &
Synthesis settings, we enable the “Clock Mux Protection” option.
This option ensures that the multiplexers in the clock network to be
decomposed to 2-to-1 multiplexers, each of which will be synthesized
to one LUT and hence be glitch free [15].

A clock generation/selection module is associated to each Nios II
subsystem. Its control signals (control[3:0])are connected to the
parallel I/O of the Nios II subsystem. The processor changes its
frequency by writing to the corresponding parallel I/O ports. Because
at most one ATLCLKCTRL is enabled at anytime, the value of
control[3] and control[2] cannot be 1 at the same time.

Figure 5 illustrates the simulated waveform of an example of
clock switching. Assume that the PLL clocks c0, cl, ¢2 and ¢3 are
running at frequency 25MHz, 50MHz , 75 MHz , and 100MHz. The
input clock of PLL is SOMHz. Also assume that the control[3:0] is
initially “0100”. The ALTCLKCTRI1 controller is disabled and gives
constantly low output while the ALTCLKCTRO controller is enabled.

The output clock is connected to PLL output cO through LPM_MUX
and ALTCLKCTRO. After the processor write “0110” to control[3:0],
the ALTCLKCTRL switches from c0 to cl. There is no glitch in the
output clock because the switching occurs in the Altera glitch free
clock control block. In the next, the processor writes “1001” to
control[3:0]. This command will eventually turn off the
ALTCLKCTRO and switch the LPM_MUX from ALTCLKCTRO to
ALTCLKCTRI1. Although the LPM MUX made the switch
immediately after the control signal changed its value, the
ALTCLKCTRUI is still disabled at this time because its enable signal
is delayed by 2 clock cycles. The output clock will stop for a very
short period of time during transition and resume afterwards. In this
way, glitch on the clock is prevented.

The waveform shows that our clock selection unit takes only about 50
nanoseconds for clock transition. Compare to the PLL
Reconfiguration Megafunction which has several microseconds delay,
the clock selection unit has much lower performance overhead and
needs much less hardware resource.

Since the processor’s frequency will be changed at runtime and other
components (e.g., memory and other peripherals) work under a fixed
clock frequency, we need to bridge the gaps between processor’s
clock domain and other components clock domain. Avalon Memory
Mapped Clock Crossing Bridge [19] is inserted between the
processor and memory while Avalon Memory Mapped Pipeline
Bridge [19] is inserted between the processor and peripherals.

4.2 Monitor the processor’s temperature

In order to provide our system with the thermal awareness, an on-
chip temperature sensor built up-on the programmable logic
resources are implemented and attached to each Nios II subsystem.

We adopted the architecture of the temperature sensor described in
[20]. The temperature sensor uses a delay line whose delay increases
with the increasing of the temperature around it so that the delay time
can be a good measurement of the temperature. In order to monitor
the temperature change of a processor, we implemented this sensor
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and put it inside the corresponding processor using the chip planar in
Quartus II. The resource used for the sensor is very little. Only a little
more than 200 logic elements are needed to implement the
temperature sensor in our system. The simplified schematic of the
sensor is shown in Figure 6. After writing to the ‘START’ signal at
the very beginning, the processor

can continuously read the temperature value from the sensor via the
PIO interface.
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Figure 6. Temperature sensor and processor
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5. Experiments

We used Quartus II and SOPC builder to create the hardware
prototype configured in the FPGA and then used the Nios II Software
Build Tools (SBT) to develop the user applications and to port them
with the hardware abstraction layer (HAL) and operating system to
the FPGA board. Our distributed computing platform consists of 4

NEEKSs and each NEEK is configured into 4 Nios II subsystems. The
4 Nios II processors have point-to-point communication between
each other and each mailbox between 2 processors is 256 byte large.
By default, the CPUs are running at 66.5 MHz. Standard Nios II
cores are used with 1 KB instruction cache.

Three experiments have been carried out. The first experiment
characterizes the latencies of inter-FPGA communication and inter-

processor communications. The second experiment verifies the
function of the distributed computing platform using a parallel matrix
multiplication program. Finally, the third experiment evaluates the
function of the clock selection module and the temperature sensor, by
measuring core temperature while changing the core clock frequency.

5.1 Characterization of communication latency

Communication latency is an important characteristic of a distributed
computing system. This information is usually required by task
scheduling and mapping algorithms for power and performance
optimization. In the first experiment, we measured the latency of
inter-FPGA and inter-processor communications.

The communication latency between K;P, and K;P,, (1<i, j<4 and 1=x,
y<4) is defined as the duration starting from the time when K;P,
begins to send the data till the time when K;P, receives all the data.
K:P, and K;P, are asynchronous to each other We cannot find a
common time reference to measure the time between events on these
two systems. Therefore, once K;P, receives the packet, it will
immediately send back the same packet to K;P,. We measure the
round trip latency of the packet and divide it by 2 to calculate the
one-way latency. This measurement is applicable because our system
is homogenous and symmetrical.



Figure 7 shows the communication latency between K;P; and K;P,,
where 1<i, j<4 and i#. As both processors are gateway on different
NEEKs, this communication involves only the Ethernet Links. As
we can see that the latency is almost a linear function to the
transmission size. It takes about 8 milliseconds to send 5 KB data.

Figure 8 shows the communication latency between K;P, and K;P,,
where 1<i<4, 1<x, y<4 and x#y. Both of the processors are on the

same FPGA and their communication involves only the mailbox links.

Again, the communication latency is a linear function of the
transmission size. As we mentioned earlier, the mailbox based
communication is relatively slow for large size of data because each
time only one 32 bit message can be sent or received.
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Figure 8. Inter-processor communication latency

The communication latency between non-gateway pro-cessors on
different FPGAs consists of the time spent on the 2 mailbox links and
one Ethernet links. For example, if we want to transfer 4KB data
from K,P,to K;P,, from Figure 7 and Figure 8 , the overall transfer
time will be 2*(transferring 4KB data time through
mailbox)+1*(transferring 4KB data time through Ethernet) =
(2*¥70.5+6.9) = 147.9 ms. The measured communication latency is
roughly 148.3 ms which is very close to our estimation.

5.2 Parallel matrix multiplication

In this experiment we test the function of the distributed computing
platform using a parallel matrix multiplication program.

Given three NxN matrices 4, B and C. Let C = AB. If we equally
divided each matrix into M rows and M columns, then we create
MxM sub-matrices from the original matrix. Denote those sub-matrix

using their row and column index, we will have matrices, 4;,

B;; and Cjj, 1<i, j<M. It can be proved that C,,, = M, AyiB;,. The
matrix multiplication can be rewritten as the following:
Aix oo Aim|(|[Bir - Bim Cii - Ciym
C=AB = : . : : : = : . :
Ays . Aum|[Bui - Bum Cui - Cum

M M
[Z AuBiy . ) AyBy
i=1 =1

M M
D A Y AwiBu
i=1 i=1

Based on such decomposition method, we designed the parallel
matrix multiplication program. The matrix size N is 100 in our
experiment and M is set to 1, 2, 3, and 4. The matrix is initially stored

in K;P;. After establishing the TCP/IP socket, K;P; sends the sub-
matrices A, ;y and B;._y;,, 1<x,y<M, to processors either on the same
FPGA or on a different FPGA. Upon receiving the data, each
processor then performs the calculation €y, = M, Ay;B;, and
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Figure 9. Overall task execution time for processors with and
without embedded multipliers
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sends the result matrix Cy, back to K,P,. Based on the algorithm, the
computation is distributed onto M? processors.

Figure 9 shows the overall task execution time of those 4 scenarios
where M varies from 1 to 4 and the number of CPUs involved in the
computing varies from 1 to 16. The execution time for processors
with or without hardware multipliers are both presented. Figure 10
shows the communication and computation time break down for
processors with embedded multipliers. As we can see, with the
processor number increasing, the overall task execution time
decreases almost linearly. The embedded multipliers can significantly
reduce the execution time because the computation accounts for the
major part of the execution time. And when we increase the number
of processors involved in the computation, the com-munication time
increases and becomes comparable to the computation time since
more data need to be transferred while every processor performs less
computation.

5.3 Evaluation of the temperature sensor and clock
selection module

In the third experiment, we dynamically switches the processor’s
working frequency from 1MHz to 10MHz, 50 MHz , and 100MHz
and evaluate the thermal impact of the frequency scaling. During the
entire experiment, the processor is executing the floating point matrix
multiplication program discussed in previous subsection. A separate
process is created which reads the temperature sensor every 2
minutes. The processor stays at each frequency level for 10 minutes.
Therefore, 5 temperature data are collected for each clock frequency
levels.

When all frequency levels have been tested, the processor stays idle
at 100MHz for 10 minutes and go back to execute the matrix
multiplication program at IMHz. And the previous procedure repeats.

Figure 11 shows the trace of temperature changes in the above
mentioned procedure. As we can see, the reading of the temperature
sensor increases when the processor is running at a higher frequency.
And at the same time, when processor is idle, thought the working



frequency doesn’t change, the temperature goes down as we expected.

However, because the Nios II subsystem is not clock gated, even
though no instruction is executed in the processor, the clock is still
toggling and there is still switching activities. Therefore, the
temperature of the idling 100 MHz processor is still higher than the
temperature of an active 10 MHz processor.

In average, the temperature sensor reading is 8670 when the CPU is
running at IMHz and 8730 when the CPU is running at 100 MHz. As

in Figure 6, we use 150 logic elements to build the delay line and the
circulation times is 4096. Based on this and according to [20], 1 unit
difference in sensor reading corresponds to about 0.03°C temperature
difference. Therefore, running the CPU at 100 MHz and 1MHz
generates about 1.8°C temperature difference. The temperature
change is much smaller than that can be generated in a general
purpose CPU because the Nios II processor is a soft core processor
and hence has larger area and lower power density.
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Figure 11 .Processor’s temperature change under different working frequency

6. Conclusion

In this paper, we proposed an FPGA-based distributed computing
platform using Altera Nios II soft-core processors. The system
consists of multiple FPGAs with each FPGA configured as a multi-
core system. Each core has its own temperature sensor and has the
dynamic frequency scaling capability. The platform is designed to
support research in dynamic power/thermal management. Our
experiment verifies the correct functionality of the distributed
computing platform and evaluated the communication latency
between cores and between FPGAs. It shows almost linear
performance improvements as the number of cores increases.
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