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Abstract

In the last decade chip manufactures moved from single core designs to multi-
core designs. This trend is a result of the increasing demand for performance,
and the increasing availability of chip area. The same trend is visible in the
embedded domain. As a result, System-on-Chips (SoCs) are becoming Multi-
Processor System-on-Chips (MPSoCs). These multi-processor systems can be
homogeneous or heterogeneous. In a homogeneous system all processors are
identical, while a heterogeneous system contains multiple different processing
elements. A processing element can perform a general or a specific task. A
Central Processing Unit (CPU) is an example of a general purpose processing
element, while a hardware accelerator is an application specific processing ele-
ment. The MPSoCs also contain a Network-on-Chip (NoC) that is connecting
all the processing elements within an MPSoC.

Researchers at the University of Twente have developed an MPSoC, that targets
real-time streaming applications. It started as a homogeneous MPSoC with an
NoC that can give real-time guarantees about the traffic, and has grown into a
heterogeneous MPSoC. By adding hardware accelerators the architecture could
deliver more performance.

The hardware accelerators have enough performance to process multiple data
streams, but the architecture was not capable of sharing a hardware accelerator
over multiple streams. So multiple hardware accelerators were needed, one for
each stream. This was solved by introducing a centralized component called the
gateway. The gateway orchestrates the sharing of an accelerator by multiple
data streams. This is done by processing a block of data from one stream,
and then a block of data from an other stream. A case study showed that the
gateway could correctly enable sharing of an accelerator by multiple streams,
but the utilization of the accelerators was low, due to the so called state-save
overhead. Because the accelerators contain state, the gateway must save and
restore this state when a switch is made between data streams. This thesis
is focused on determining the causes of the high state-save overhead and the
definition and evaluation of techniques that reduce this overhead.

We identified multiple causes for the high state-save overhead. A new gateway
architecture is proposed that reduces this overhead by extending the high-speed



ring network to support state being streamed from and to the accelerators. The
proposed architecture is implemented and a dataflow model is proposed that
corresponds to the new architecture. With this dataflow model it is possible to
determine some real-time properties of the system.

A case study is performed in order to evaluate the proposed architecture. The
evaluation results show that the proposed architecture reduces the state-save
overhead up to 65%, while the hardware cost only increases with 10%. The
reduction in state-save overhead resulted in a 2.5 times higher utilisation of the
accelerators.
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Chapter 1

Introduction

1.1 Context

For the last decades the number of transistors on a chip grew exponentially.
This made enormous advances in CPUs possible. Where one of the first CPUs
had several thousand transistors, the latest CPUs consist of several billion tran-
sistors.

These developments are driven by the demand for more computational perfor-
mance. There is not only a demand for powerful personal computers in the
consumer market, also embedded systems found in video and radio applications
continue their demand for more computational performance. Advances in decod-
ing, decompression and software defined radio algorithms are big contributors
to this demand.

In order to cope with the demand, chip manufacturers started to create MP-
SoCs. These architectures can make use of the many transistors that are avail-
able by placing and connecting multiple processors. Performance is delivered
by the parallel capabilities of the architecture. One can divide MPSoCs into
two categories, homogeneous and heterogeneous. A homogeneous architecture
consists of multiple identical processors, while heterogeneous architecture con-
sists of multiple different processors. These heterogeneous architectures often
add hardware accelerators that can only perform one specific computation. The
advantage of these accelerators is that they can perform these computations
effectively in terms of speed and energy.

The hardware accelerators can even be so fast that sharing becomes a possibility.
Accelerator sharing is a technique where two or more independent computations
are mapped on the same accelerator. This means that the accelerator becomes
a shared resource and therefore needs more explicit synchronisation between



its users and also needs a scheduling policy. Hardware architectures capable of
sharing accelerators is a relatively new research area.

Mapping applications on parallel hardware is not always an easy task, and a lot
of research is done is this area. This thesis will look at streaming applications.
Streaming applications typically operate on an input stream and compute the
output stream. These applications can often be mapped elegantly on parallel
hardware.

Streaming applications usually have real-time requirements. This means that
correctness not only depends on the computed result, but also on the time when
results are produced. In order to guarantee correct temporal behaviour, models
can be used to check temporal correctness. Developing models and modelling
techniques is an actively researched area.

1.2 Research Platform

This section will give the background needed to understand and formulate the
problem description. The first subsection contains a high level overview of an
architecture that can share its accelerators. We will call an architecture capable
of this an accelerator sharing architecture. The second subsection will introduce
the models that are used to analyse the accelerator sharing architecture.

1.2.1 Accelerator Sharing Architecture
In this subsection we will present a heterogeneous MPSoC architecture that

is suitable for streaming applications and capable of accelerator sharing. This
architecture is first introduced in [1].

Configuration Bus

= [leJ [Aéq,] [Eciw] ((crv, |

Ring Network

Figure 1.1: Global system overview

Figure 1.1 shows a global overview of the important components in the system.
The system consists of CPU, accelerator and gateway tiles. Figure 1.1 shows
only a small number of CPU and accelerator tiles but typical systems consist
out of multiple CPUs and accelerators. It can even have multiple gateway pairs.



A CPU tile is connected to the ring network in order to communicate with other
tiles. CPU tiles can be used for general computations.

An accelerator tile is a specialized component that can perform a specific op-
eration efficiently. For example a Finite Impulse Response (FIR) filter. The
accelerator tiles are also connected to the ring network. Additionally they have
a configuration interface, which is connected to the configuration bus. An ac-
celerator has an internal state that must be saved and restored when switching
between two streams, the configuration bus is used for this.

Then there are the gateway tiles that have a specific function. The entry Gate-
Way (GW) is respounsible for the coordination of the sharing of the accelerators.
When a block of data is received from a producer by the entry gateway, it will
configure and restore the state of the accelerators using the configuration bus.
Then it will send the data block to the accelerators, via the ring network. When
the accelerators have processed the data the entry gateway will save the state
of the accelerators, again using the configuration bus.

After the last accelerator in the accelerator chain comes the Exit GateWay
(EGW). This tile is used to write the data to the correct consumer CPU. It
is also used to check if all the data elements are processed by the accelerators.
Because only then a state-save can be performed.

Placing an entry and exit gateway around an accelerator chain, makes it possible
to share the accelerators in a transparent way. The gateway pair will ”hide” the
accelerator sharing for the producer and consumer.

1.2.2 Dataflow Modelling

In order to guarantee temporal constraints of an architecture, models are used
that capture the temporal behaviour of the architecture. In this subsection we
will discuss two dataflow models that capture the temporal behaviour of the
accelerator sharing architecture, that were introduced in [2]. The first model is
directly derived from the architecture. The second model is an abstraction of
the first model.

For now only simplified dataflow models are presented. These are only used
to illustrate some basic concepts. This subsection should be readable without
expert knowledge about dataflow modelling.

Figure 1.2 shows the first model. It shows 5 actors connected with each other by
edges. The actors have a one-to-one relation with the architecture. The actor
vp is the producing CPU, vg is the entry gateway, v4 is an accelerator, vpg is
the exit gateway and v¢ is the consuming CPU.

The topology of the dataflow graph in Figure 1.2 is a chain. In this dataflow
model the chain implies a pipeline. Pipelines offer great performance if they can
be utilised constantly.



The edge from vgg to vg represents the signal from the exit gateway to the
entry gateway that indicates that all data is processed and the accelerators can
be reconfigured. So reconfiguration is postponed until all data is out of the
accelerator chain. This is called a pipeline flush. Flushing a pipeline has a
performance penalty, because the pipeline is no longer constantly utilised.

@) (‘TJ (U:) - (osc ) ?

Figure 1.2: Dataflow model of a shared accelerator

Another basic concept is abstraction of dataflow models. This is a useful tech-
nique that can be applied on a complex model, in order to reduce its complexity.
Figure 1.3 shows an abstraction of the model in Figure 1.2. Actor vg, v4 and
vpa and the edges between them are abstracted into vg.

An abstraction can be used to reduce the complexity which can make reasoning
about the model simpler. However by removing details, the model can become
less accurate and will likely be an over approximation of the original model.
An abstraction is done in such a way that some properties that hold for the
abstraction also hold for the original model.

et

Figure 1.3: Abstracted dataflow graph of Figure 1.2

1.3 Problem Description

Sharing accelerators has its advantages, but it also introduces some problems.
This section will highlight those problems.

As mentioned in the previous sections accelerator sharing has its advantages.
The accelerators will be better utilized and sharing an accelerator reduces the
hardware. However there are disadvantages as well. Sharing an accelerator
requires synchronisation of its users, and it can result in all kinds of synchro-
nisation problems, like deadlock and race conditions. Another disadvantage
is that these synchronisation have some overhead. However this overhead is
relatively small, and thus acceptable.

The architecture described in section 1.2 solves synchronisation problems by
introducing gateways. The gateway is responsible for managing the acceler-



ator sharing, it handles all synchronisation and schedules the requests. This
makes development of applications easier, because producers and consumers
only connect to the gateway and are not aware of other computations on the
accelerators.

The biggest problem is state. Most of the accelerators have an internal state
that is needed for the computation. For instance the previous samples are
needed in the computation of an FIR filter. As two different computations
most likely have different states, the state must be saved and restored between
computations. This will introduce some overhead, which is called state-save
overhead. The size of the state-save overhead depends on how the state is
saved. The state-save overhead prevents full utilization of the accelerators.

In order to reduce a large state-save overhead ratio, computations are made
longer. So context switches will occur less often. This will increase the through-
put of an application. But when a task processes more data, it will delay the
start of the other tasks because they are sharing the accelerator. So when more
data is processed between switches, it results in a higher latency and larger data
bursts. In order to cope with larger data burst, larger buffers are necessary. So
there exist a trade off with on one hand throughput and on the other buffer size
and latency.

State-saves in the architecture described in Section 1.2 are done by copying the
state to the memory in the gateway. This means that the state-save overhead
is linearly related to the state size. Measurements on the architecture indicate
that the state-save overhead is relative high, 23 clock cycles per 32-bit word
transfer [1]. In this thesis we will describe a technique to reduce the state-save
overhead.

In order to analyse the temporal behaviour, there must be a dataflow model
of the proposed architecture. It is likely that a different dataflow model is
needed when the hardware is modified to reduce the state-save overhead. If this
is the case also an abstraction should be made, in order to simplify the new
dataflow model. Furthermore the improvements of the new architecture should
be reflected in the new dataflow models.

1.4 Research Questions

The goal of this research is to answer the following research question:

How to reduce state-save overhead for shared accelerators in an MP-
SoC with a ring NoC?

In this thesis we will find the cause of the state-save overhead, and present an
architecture that will reduce this overhead. The presented architecture should
be performant, analysable and should have a low area footprint. These proper-



ties should be quantified by means of measured results. From these objectives
the following sub-questions are derived:

e What is the cause for the large state-save overhead?

Is it possible to introduce an architecture that reduces the state-save over-
head?

What is the performance of this architecture?

What is the hardware cost of this architecture?

Is it possible to model the temporal behaviour of the architecture?

Do the models capture the gain in performance?

1.5 Contributions

In this thesis we describe improvements of an architecture capable of sharing
accelerators [1] and their corresponding dataflow models [2]. The main contri-
butions described in this thesis are:

e Pinpointing the cause of the large state-save overhead in the existing ac-
celerator sharing archtecture [1].

e The proposal of an architecture capable of sharing accelerators that has
lower state-save overhead.

Description of the implementation of the proposed architecture.

Proposing dataflow models for the architecture.

Evaluation of the architecture and the dataflow models.

1.6 Outline

The outline of this thesis is as follows. First we discuss related work in Chap-
ter 2. In this chapter we will position our work within the research area, and we
will compare our work with alternative approaches. In Chapter 3 we describe
the details of the existing accelerator sharing architecture. We pinpoint the
causes of the high state-save overhead of this architecture and propose a new
architecture that reduces the state-save overhead. In order to guarantee real-
time constraints, dataflow models can be used. We will discuss these models in
Chapter 4. We describe the existing dataflow models of the previous architec-
ture. Then a new dataflow model for the proposed architecture is presented,
and we make an abstraction of this model. Evaluation is done in Chapter 5.
We will evaluate the proposed architecture and its dataflow models. Finally we



will make a conclusion and propose future work that can be the basis for new
research. This is done is Chapter 6.



Chapter 2

Related Work

In this chapter we will discuss work related to state-saving for shared acceler-
ators. First we will discuss some methods to include accelerators in an archi-
tecture. Next we discuss a number of accelerator sharing architectures. In the
third part we will discuss multiple real-time analysis techniques. Finally we
mention a technique to model shared accelerators.

2.1 Hardware accelerators

In this section we will discuss the advantages and disadvantages of hardware
accelerators and how they can be integrated into a system.

In systems that perform calculations there is typically a trade-off between effi-
ciency and flexibility. It is often the case that flexible systems are not as efficient
as their static counter part.

Hardware accelerators can often perform only one specific calculation, but can
therefore be specialised in this calculation, which results in a better efficiency.
So typically hardware accelerators are faster, use less energy and/or use less
hardware resources than flexible solutions. As a result hardware accelerators
are often used in situations where efficiency is more important than flexibility.
And this is the reason that hardware accelerators are used in our design.

When a system needs to be flexible but also efficient, a combination of the two
can be made. Examples are heterogeneous systems with CPUs and hardware
accelerators. The CPUs are flexible and can perform general-purpose calcula-
tions, while the accelerators can efficiently perform specific calculations. There
are several ways to combine CPUs and hardware accelerators, we will discuss
some of them.



2.1.1 Instruction set extension

One technique to combine CPUs and hardware accelerators is via an Instruction
Set Extension (ISE). The CPU is designed to have some additional instructions
that are used to control the hardware accelerator. This results in a tight coupling
of the CPU and accelerator. Examples of these ISEs are the MMX and SSE
extensions in the x86 processor architectures.

Our architecture does not use ISEs to control the hardware accelerators, because
this technique prevents sharing of the accelerator, due to the tight coupling of
the CPU and accelerator.

2.1.2 Remote procedure call

Another way to control hardware accelerators is via Remote Procedure Calls
(RPCs). RPCs enable a CPU to start a calculation somewhere else in the
system. Typically the CPU and accelerators are connected via a bus and the
RPCs are performed by reads and writes. An example of this technique is the
IBM 4764 PCI-X Cryptographic Coprocessor [3]. This is a hardware accelerator
that can be used for cryptographic calculation. It is connected via the PCI bus
which is a common bus in computers.

While it is possible to share the accelerators with this technique, we do not use
RPCs in our architecture because it is not possible to cascade the result of a cal-
culation to another accelerator. This is a disadvantage because our architecture
targets streaming applications, where the ability to chain accelerators can be a
real advantage. Also when a RPC is performed the CPU has to wait for the
result. This time is lost, since the CPU cannot perform any useful calculations
while it wait. When stream based hardware accelerators are used the CPU only
has to write a data stream to the accelerator. The CPU does not have to wait on
the result, because this stream will typically go to an other consumer. Because
the CPU does not have to wait, it can perform more useful calculations.

2.1.3 Stream based hardware accelerator

The stream based hardware accelerators perform calculations on streams. The
CPUs are used to produce and consume data streams that can be processed by
accelerators. A good example of this technique is the Starburst architecture [4].
CPUs and accelerators are connected via the Nebula ring network which has
support for stream based communication [5].

Our architecture uses this technique to combine CPUs and accelerators, and is
based on the Starburst architecture. This architecture allows efficient mapping
of streaming applications and it is possible to chain accelerators. In [1] the
Starburst platform is extended to support the sharing of accelerators.



2.2 Accelerator sharing architectures

In this section we will discuss several accelerator sharing architectures that are
related to the accelerator sharing techniques presented in this thesis. First we
will describe context switches that are used by Operating Systems (OSs) to share
the CPU over multiple programs. After this we will describe the PROPHID and
Eclipse architectures that are both capable of accelerator sharing.

2.2.1 Context switch

The accelerator sharing techniques in this thesis have a lot in common with
the context switches performed by modern OSs such as Windows and Linux.
These context switches make it possible for multiple programs to share the same
CPU. This looks a lot like multiple data streams that share the same accelerator.
Just as an accelerator the CPU has an internal state, due to the general-purpose
registers and status flags. The state needs to be saved, so it can be restored
later. The saving and restoring of the state is done within a context switch.
During a context switch the state of the CPU is stored into memory. Then it
will determine which program will be continued. The CPU state corresponding
to that program is loaded from memory and restored. Now the program can
continue its execution. Typically context switching is done periodically by a
timer interrupt. This will interleave the executions of the different programmes,
giving the illusion that they are running in parallel.

Similarities with our techniques are that the state is saved into memory and
restored on a later moment. Another similarity is that both approaches result
in interleaving. Furthermore they both have some overhead that is due to the
saving and restoring. A difference is that the context switch is performed by
the CPU itself, while we initiate the saving and restoring from the gateway.
Another difference is that the CPU performing the context switch is directly
connected to memory. This is in contrast with the accelerator, which has no
access to memory. Instead the state is retrieved by the gateway and saved
into memory of the gateway. Lastly the context switching is done periodically,
while the gateway switches streams after a fixed number of data samples, this is
called the packet size. We can say that the task that share an accelerators are
cooperatively scheduled, because after the packet size the running task allows
other task to run. So there are aware that the accelerator is shared, and give
the other tasks also a chance to use the accelerator. While tasks that share a
CPU are typically pre-emptively scheduled, this means that the tasks are not
aware that the CPU is shared. The context switch interrupts a running task
and pauses it, while a task that was paused will be continued.

With both techniques you can control the granularity of interleaving, by chang-
ing the period or the packet size. By increasing the packet size the overhead
of the switches becomes smaller, but the responsiveness decreases. In contrary,
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the overhead becomes bigger and the responsiveness increases if the packet size
is decreased. An appropriate packet size depends on the application.

2.2.2 PROPHID

PROPHID [6] is a heterogeneous multiprocessor architecture that is designed to
deliver guaranteed real-time processing for multimedia applications. The archi-
tecture consists of two main parts. The first is one CPU that is primarily used
for control oriented tasks and the second part consists of multiple Application
Domain Specific (ADS) processors that perform the high performance and time
critical operations. The CPU and ADS processors are connected to a central
bus. The ADS processors are also connected to a programmable high bandwidth
communication network. There is a main memory which can be accessed from
the central bus and from the communication network via an arbiter.

In order to improve the utilization of the ADS processors, they are capable to
process between 1 and 5 data steams in a time interleaved fashion. The ADS
processors have multiple input and output First In, First Outs (FIFOs), equal
to the number of streams it supports. Context switches are done at a fine
granularity, in order to keep the FIFOs sizes small, because FIFOs can typically
hold only 32 samples. The ADS processors also have multiple state banks, equal
to the number of streams it supports. These state banks make context switches
almost instant, this is the reason that fine granularity is possible without a large
state-save overhead.

There are a lot of similarities between PROPHID and our architecture. Both al-
low hardware accelerators to be shared over multiple streams and consequently,
both perform state-saves. A difference is that ADS processors have additional
hardware and local memory to perform the state saving and restoring. This
means that the maximum number of streams is determined by the number of
states the local memory can hold. Another difference is it that the CPU is not
connected to the high-throughput network and cannot be used to process data
streams. While in our architecture the CPUs are connected to the ring network
and they can be used to process data streams.

2.2.3 Eclipse

Eclipse [7] is a heterogeneous multiprocessor architecture for stream process-
ing. The computations are done by CPUs and coprocessors. The CPUs and
coprocessors are connected to the communication network via so called shells.
These shells hide the underlying communication network, and provide 5 primi-
tives that enable stream based communication via FIFOs and a way to perform
a task switch. The coprocessors use these primitives to get the input stream(s)
and store the output stream(s). The task switches are also initiated by the
COProcessor.

11



The 5 primitives are GetTask, Read, Write, GetSpace and PutSpace [7]. A
coprocessor gets a task ID together with optional configuration data with the
GetTask primitive. The task ID is used as identifier for the different task, and
is used as an argument for all other primitives. Then it needs to reserve free
space in the destination FIFO and check for data in the source FIFO. This is
done with the GetSpace primitive. If there is no data in the source FIFO or
no free space in the destination FIFO, it cannot perform the current task and
it will request a new task. If it is possible to continue it will read the source
FIFO with the Read primitive. This is followed by the PutSpace primitive to
indicate that the data is read. The coprocessor can now start its computation.
The results are stored with the Write primitive and followed with the PutSpace
primitive to indicate that there is new data. Now the coprocessor can start with
a new task.

Eclipse and our architecture have some similarities. Computations can be done
by a mix of processors and coprocessors and communication between tasks is
done with FIFOs. A difference is that Eclipse provides a uniform interface to
the network for processors and coprocessors via its shell primitives. However
these high level primitives result in large hardware costs of the shells. In our
architecture the processors and accelerators have two separate communication
mechanisms, resulting in a lower hardware cost. Another difference is that
each coprocessor needs a shell, in our architecture multiple accelerators can be
managed by one entry gateway and exit gateway pair. While the Eclipse is
capable of sharing coprocessors, state-saving mechanisms for coprocessors are
not described.

2.2.4 Starburst

The Starburst platform is an MPSoC with CPUs and hardware accelerators,
that targets streaming applications. The accelerators in this system are stream
oriented. The CPUs and accelerators in the system are connected via a ring
NoC, that has support for data streams. In [1] the Starburst platform is ex-
tended to support sharing of accelerators by introducing an entry and exit gate-
way to the system. These gateways can schedule multiple different data streams
over the accelerators and it will save and restore the state of the accelerator when
this is needed. The state saving and restoring of the accelerators is done via a
configuration bus that connects all accelerators to the entry gateway.

Our proposed architecture is based on [1]. We also used the gateways to enable
the sharing of accelerators. However, measurements in [1] show there is a large
state-save overhead. In our proposed architecture we present a new technique to
save and restore the state of the accelerator that reduces the state-save overhead.
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2.3 Real-time analysis techniques

Analysis of real-time systems is used to guarantee temporal constrains. There
are three major frameworks that can be used to perform real-time analysis.
These frameworks are suited to model concurrent application and pipelined
execution. We will briefly mention these three techniques.

2.3.1 SymTA/S

The SymTA/S [8] framework is based on event models. In event models the
traffic is characterised with a period and a jitter. The traffic characterisation
can have low accuracy, because the correlation between different streams is not
captured. It does not support cyclic data dependency in the general case because
the analysis technique will report that the latency is infinite [9].

2.3.2 Real-time calculus

Real-time calculus [10] is an analysis technique based on network calculus. It
characterises the traffic between components in the time domain. Attempts are
made to handle cyclic dependencies [11], [12]. Both approaches only consider
cyclic data dependencies or cyclic resource dependencies, but not a combination
of both.

2.3.3 Synchronous dataflow

Synchronous DataFlow (SDF) [13] [14] is closely related to Kahn networks. SDF
operates on directed graphs, where cycles are allowed. Tokens are transported
over the edges, and can be used for example to model data or free space in a
buffer. The actors have firing durations. When all input edges contain enough
tokens, the actor is enabled and after the firing duration the actor will fire.
When an actor fires it consumes tokens for the input edges and will produce to-
kens on the output edges. The number of tokens that is produced or consumed
is indicated by the production and consumption quanta. Analysis is done by
creating a schedule. This schedule is used to determine minimal buffer sizes
and guarantee throughput constrains. Executions of tasks can be specified in
multiple ways, for instance using Worst Case Execution Time (WCET) or with
a (o,p)-characterisation [15]. Resources can be shared with different schedulers,
starvation-free schedulers such as round robin and budget scheduling, and re-
cently also non-starvation-free schedulers can be used such as static-priority
scheduling [15].

In this thesis we will use synchronous dataflow to model temporal behaviour,
because it is the only technique that can deal with cyclic data and resource
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dependencies. Cyclic data dependencies are used to model finite buffers and
the sharing of the accelerators result in a cyclic resource dependency. Another
motivation is that parts of the proposed architecture already have been modelled
with data flow, such as the NoC in [16], and the accelerator sharing architecture
presented in [1] has been modelled with dataflow in [2].

2.4 Modelling accelerator sharing

In this section we will discuss related work relevant to the modelling of acceler-
ators that are shared.

In [17] SDF and Cyclo-Static DataFlow (CSDF) are used to model the sharing
of accelerators. The data streams are scheduled with a round robin scheduler.
The models can be used to satisfy minimum throughput constrains for multiple
data streams.

While the techniques presented in [17] can deal with shared accelerators, they
do not include state saving. So the accelerators that are shared can not have
state. Furthermore, they do not discuss methods to determine optimal packet
sizes. We will propose a dataflow model that does include state saving and can
be used to determine optimal packet sizes. We will make use of the methods
presented in [2].
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Chapter 3

Implementation

This chapter will describe the architectures used for accelerator sharing. The
first section will describe the previous architecture and its limitations. Then the
basic idea is presented that will deal with the problems. Finally the proposed
architecture is described in detail.

3.1 Previous accelerator sharing implementation

In this section the previous accelerator sharing implementation will be shown
that was described in [1]. First the hardware of the architecture is presented.
After this the software structure will be explained.

3.1.1 Hardware

Section 1.2.1 already gave a global overview of the architecture, this subsection
will recap Section 1.2.1 and give a more detailed overview of the architecture.

The Starburst [4] is heterogeneous MPSoC and consists out of CPUs and ac-
celerators. We will use Figure 3.1 to explain all the components of the system.
Figure 3.1 shows only a small number of CPUs and accelerators, but a typical
system consists out of multiple CPUs and accelerators.

The Nebula ring network [5] connects all the components in the system. The
Nebula is an unidirectional, guaranteed-throughput ring network. It uses slots to
guarantee that all components that are connected to the ring have a guaranteed-
throughput.

The CPUs are Xilinx MicroBlazes running the Helix OS [4]. All CPUs have a
scratch pad memory that can be written via the Nebula ring network.
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Figure 3.1: High level system overview

The accelerators are also connected to the ring network. Additionally they
have a configuration interface, which is connected to the ACCelerator (ACC)
Interface. The ACC Interface is used to perform the state-saves.

Then there are some components that together have a specific function. The
gateway CPU (CPUgw) together with the ACC Interface and accelerator Direct
Memory Access (DMA) (ACCppa) form the entry gateway. These components
are connected via the Xilinx Processor Local Bus (PLB) bus. The entry gateway
is responsible for the coordination of the sharing of the accelerators. When a
block of data is received by the entry gateway, it will configure and restore the
state of the accelerators using the ACC Interface. Then it will send the data
block via the Nebula ring network to the accelerators. This is done with the
accelerator DMA, also called Ring DMA. When the accelerators have processed
the data the entry gateway will save the state of the accelerators, again using
the ACC Interface.

When the design contains multiple accelerators, it is possible to use the out-
put of an accelerator as input for another accelerator. When this is done the
accelerators form a chain, and we will call this an accelerator chain.

The last accelerator in the accelerator chain is the exit gateway accelerator
(ACCggw), and this forms the exit gateway. This accelerator is used to write
the data to a scratch pad memory of a CPU. It is also used to check if the last
data element is processed by the accelerators.

There are components that are not shown because they are of no relevance for
the discussion in this thesis. However they will be mentioned here for complete-
ness. Every CPU is connected to one global Double Data Rate type 3 (DDR3)
memory, with an arbitration tree. There also is one CPU that runs Linux. This
CPU has additional peripherals, such as an Universal Serial Bus (USB) and an
Ethernet controller.

There are two types of communication over the Nebula ring network. One is
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write-only, address based communication to the scratch pad memories. This
communication is used by the CFIFOs. CFIFOs logical FIFOs that are imple-
mented in software that are based on the C-HEAP [18] algorithm. The CFIFOs
are used for communication between CPUs. The other type of communication
is credit based. Communication between accelerators is of this type. The credit
based communication is designed to have low hardware cost and supports back
pressure. The back pressure is needed prevents buffer overflows in the acceler-
ator [5]. The sender of data to the accelerator is keeping a local counter of free
space in the buffer of the accelerator. When the sender sends one data word it
will subtract one from the counter. By preventing the sender to send while the
counter is zero, a buffer overflow can not occur. When the accelerator consumes
a data word from its buffer, a credit is sent to the sender. When the sender
receives the credit the counter will be incremented by one. In order to support
the credit based communication the Nebula ring network contains additional
hardware. Figure 3.2 shows a detailed overview of the additional hardware.

Figure 3.2 shows how an accelerator is connected to the ring network. The
link performs the most basic operation, it schedules data transfers and credit
transfers in the available slots. The credit control down block will buffer received
data and when the data is consumed by the accelerator it will generate an
acknowledgement credit. The credit control up block keeps a local counter
of free space of the next accelerator in the chain, and prevents data to be sent
when the local counter is zero. The ring shell is used to configure the destination
addresses of the credit and the data. These addresses must correspond with the
previous and next accelerator addresses in the chain of accelerators.

—[ Accelerator ]

S
Ring
Shell
-

VDN VDN
Credit Credit
Control Control

Down Up
A J A J

Link

(S J

Figure 3.2: Nebula ring network connection
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3.1.2 Software

The software that runs on the gateway CPU is responsible for the state-saves
and state restores. The code is written in C++ and uses an object orientated
approach. For every accelerator there is a corresponding class that can save and
restore the state of that accelerator. The class is also responsible for the storage
of the state data. Every specific accelerator class inherits from the accelerator
base class. This base class contains the data forward and the credit return
address. These addresses correspond with the addresses needed in the ring shell
in order to have correct credit based communication.

Then there is an AccList object that is used to create accelerator chains. Mul-
tiple accelerators can be added to the AccList. The AccList is used to process
a block of data with the accelerators, this function is called process and the
following will happen. First the data forward and the credit return address are
configured for every accelerator in the list. Then for every accelerator the state
is restored, by calling the restore function of every accelerator object. Now
the data can be sent to the accelerators. The gateway waits until all data is
processed by the accelerators. The last thing it does is saving the state of the
accelerators, by calling the save function of every accelerator object in the list.

The AccList object uses the decorator pattern [19] to represent the structure
of the accelerator chain. The template method pattern [19] is used to generate
the correct behaviour.

When the accelerators are shared there is more than one AccList object and
these objects need to be scheduled. The scheduler will check that there is data
available from the producer and that the consumer is ready for new data. If these
conditions are satisfied it will call the corresponding AccList process function.

3.1.3 Pinpointing the problem

This subsection pinpoints the cause for the high state-save overhead. As stated
before the average time to read or write a 32-bit word of state from an accelerator
is 23 processor cycles [1]. After looking into the implementation the following
causes for the high state-save overhead were identified.

e Slow state data access over the ACC Interface. The ACC Interface is
connected to the CPU via the PLB bus. This bus has a high transfer
overhead, when a single transfer is done. This is likely a significant part
of the state-save overhead.

e A lot of code in the critical loop. The code that is responsible for saving
and restoring the state is located in multiple C++ objects. So the gateway
CPU needs to perform a lot of memory accesses and this can result in
cache misses, which will degrade the performance.
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3.2 Basic idea

This section presents approaches to solve the problems that where identified in
Section 3.1.3.

e The proposed design will use the Nebula ring network to perform state-
saves, instead of the PLB bus. The Nebula ring network is capable to
transfer one word each cycle, and thus fast. This will help to reduce
the state-save overhead. It would even be possible to use the Ring-DMA
to send state to the accelerators. An other advantage is that the ACC
Interface can be removed, reducing the hardware cost of the design. In
order to be able to send state to the accelerators via the ring network it
is necessary to be able to differentiate between data and state. So some
additional control logic is needed in order to support this. By placing
this control logic between the accelerators and the network, the control
logic has full control over the accelerator and is immediately connected
to the Nebula ring network. So no additional network connections are
needed, and this will keep the hardware cost down. Another advantage
of this approach is that most of the hardware already exists and can be
reused. This will keep the development time within limits. Reuse of the
accelerators is achieved by connecting the control logic to the existing
configuration interface of an accelerator. In order to differentiate between
state and data, commands will be used to indicate what is being send,
state or data. Sending these commands has some overhead, but they are
needed to be able to use the Nebula ring network. We expect that the
performance gain will outweigh the extra overhead. A disadvantage of this
approach is that when the state of an accelerator is saved to the memory
in the entry gateway, it will traverse the whole ring network, because the
Nebula ring network is unidirectional. For now we will accept this, but in
future work section we will present a possible solution to prevent this.

e In order to improve the software that performs the state-saves, we will try
to minimize the number function calls and the number of instructions that
are executed in the critical loop. Due to the template method pattern
the code that performs a restore-save cycle, is located in different C++
objects, one for each accelerator. These objects contain multiple functions
that perform operations needed in the different stages of a restore-save
cycle. This results in a lot of function calls. Because most of the time
the entry gateway is moving data when performing a restore-save cycle,
so we will try to optimize this. The following is proposed; the decorator
and template method patterns are combined with the builder pattern [19].
This allows us to use the decorator pattern to define the structure of the
accelerator chain. Next the template method pattern is used to build
a list of data transfers. The list will represent the transfers needed to
perform a restore-save cycle. When needed the list can be processed using
the interpreter pattern [19]. This will generate the behaviour that will
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perform the restore-save cycle. With this approach it will be possible to
have a low code size and only a few function calls in the critical loop,
because only the interpreter is executed. This is expected to result in a
better performance. Another advantage is that the list of transfers can be
optimized. Multiple single transfers to the same address can be optimized
to a burst transfer. This allows us to make use of DMA burst transfers,
resulting in faster transfers. Because we still use the decorator pattern it is
still easy to define the structure of the accelerator chain. A disadvantage
of this method is that it uses more memory, because it needs to store the
list of transfers. However the embedded system has a large DDR3 memory
that can be used so this is not a real problem. Another disadvantage is
that once the list of transfers is build, it is no longer possible to add
additional accelerators to the processing chain. But most applications do
not require dynamic addition of accelerators, so typically this will not be
an issue.

3.3 Proposed implementation

This section will present the proposed architecture for accelerator sharing. This
section is divided in three subsections. First the hardware is presented. The sec-
ond subsection will discus the changes made in the software. The last subsection
will discus what the steps are to perform a restore-save cycle.

3.3.1 Hardware

Figure 3.3 shows the top level changes to the architecture shown in Figure 3.1.
The ACC Interface is completely removed, and all accelerators that were con-
nected to the ACC Interface are now connected to the Nebula ring network via
the Read/Write Interface (RWI). The RWI makes it possible to configure the
accelerators via the Nebula ring network, this is indicated by the configuration
bus connected to the sides of the accelerators and the RWI. Note that the DMA
accelerator does not have an RWI. This is because it is still directly connected
to the gateway CPU via the PLB bus.

In Figure 3.4 can be seen that the RWI is placed in between the accelerator
and the Nebula ring network logic. So using the RWI does not require rigorous
changes in the existing hardware.

In the following subsections we will describe the additional hardware and the
changes to the existing hardware.
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Nebula Ring Network

Figure 3.3: High level overview of the proposed architecture

Read/Write Interface

Because the RWI receives both data and state, it needs a way to differentiate
between the two. This is done by introducing modes. The RWI has internal
modes and the mode dictates if the received words are data or state. The RWI
has the following modes: normal, read, write and bypass. What these modes
exactly do, will be described in the section RWI modes. First it is discussed
how modes are changed. The modes can be altered by sending commands. So
now the RWI needs to differentiate between data and commands. This is done
by using the address of the data transfer. Table 3.1 shows the meaning of the
bits in the address space of the Nebula ring network. Bit 15 is removed from
the free address space and is now used to indicate a RWI command.

Bit  Meaning

31:28 0x6 is the address space of the Nebula ring network
27:20 CPUID
19:17  Sub ID, ID 0 is the CPU, other ID’s are accelerators
16 0 for credit based data, 1 for Ringshell access
15 0 for data, 1 for RWI commando
14:0  Free address space

Table 3.1: Meaning of Nebula ring network address bits

When data is sent to the RWI and address bit 15 is set, the data should be
interpreted as a command. Table 3.2 shows the meaning of the commando data
bits. The ID field is used to indicate for which accelerator the command is.
When the ID of a command does not match the accelerator ID, it is sent to
the next accelerator in the chain. This is done with the data forward address
provided by the ringshell. Bit 15 is set to indicate that it is a command. When
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Figure 3.4: Nebula ring network connection with RWI

the ID field (bits 31:20) is a match, the mode field (bits 19:18) is used to switch
modes. When the mode becomes reading or writing, the address field (bits 11:0)
is used to determine the start address, and the number of reads/writes field (bits
17:12) indicates the number of reads/writes.

Bit  Meaning

31:20 ID

19:18 Mode, ’00’ normal, ’10’ read, 01’ write, 11’ bypass
17:12  Number of reads/writes

11:0  Read/write address

Table 3.2: Meaning of the RWI command data bits

RWI modes

The RWI has 4 modes and Figure 3.5 shows how each mode can be reached.
After a reset the RWI will start in bypass mode. Each mode has it own behaviour
and these will be explained below.

When in normal mode, the RWI will be transparent for data to and from the
accelerator. It will appear as if the accelerator is directly connected to the
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network. So this is the mode the RWI should be in, when the accelerator is
used for processing.

When the RWI is switched to read mode, a start address and the number of
reads are set. This mode will read a word via the accelerator configuration bus
from the start address and will sent this word to the next accelerator via the
Nebula ring network. The number of reads is decreased with one and the start
address is incremented to the next word. While the number of reads is not zero
it will perform another read cycle. When the number of reads reaches zero, the
RWI will switch to the bypass mode.

When the RWI is switched to write mode, a start address and the number of
writes are set. This mode will read a word from the Nebula ring network and
will write that word to the accelerator via the configuration bus at the start
address. The number of writes is decreased with one and the start address is
incremented to the next word. While the number of writes is not zero it will
perform another write cycle. When the number of writes reaches zero, the RWI
will switch to the bypass mode.

When in bypass mode the RWI will send data from the Nebula ring network to
the next accelerator via the Nebula ring network. In this mode the data is not
altered and the accelerator is bypassed. This mode allows state information for
a later accelerator to be sent as data without it getting altered.

The RWI only accepts commands when it is in normal or bypass mode and
when the accelerator indicates that it is done. An accelerator is done when all
input is processed and the results are produced. This will guarantee that the
data and commands keep their order and that the accelerator is in a known
state when a command is performed. If these preconditions are not enforced, it
would be possible to interleave state and data. For instance if a read command
is performed, while the accelerator is still producing data.

Every accelerator gets its own RWI and later we will describe how the RWI and
their different modes can be used to perform a state-save.

Accelerator

The proposed architecture makes it possible to reuse the existing accelerators.
However some additional functions need to be added to the accelerators. In order
to indicate whether an accelerator is done a signal is added to the accelerator
configuration bus. This signal is used by the RWI to correctly switch between
modes. This signal did not exist in the previous hardware, so all the accelerators
are altered so that they can generate this signal.
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Figure 3.5: Modes of the RWI and the possible transitions

Ring DMA

The ring DMA is also reused but needed some adjustments to correctly deal with
the RWI commands. Where before the DMA would only send to one address
(because it was always data), now there also is a command address. So in the
previous design the DMA only buffered the data, and the destination address
was set in a separate register. The altered DMA, buffers the data together
with the destination address, so now the buffer can contain a mix of data and
commands for the accelerators.

The following things were not changed. The DMA still uses the PLB bus to
read the data from memory, and only when 8 consecutive reads are done, burst
reading is used. This means that writing a few words is slow.

Configuring the DMA is still done via 4 registers. The 4 registers are: source
address, destination address, number of bytes to transfer and a start/status
register. These registers are accessible via the PLB bus.

Commands and data are always written to the accelerators with the ring DMA,
because only then the order of the writes are preserved and the proposed state-
save mechanism needs the preservation of order. So the CPU must never write
to the accelerators directly because the order of direct writes and DMA writes
is unknown and can interleave because both have separate transfer buffer.

So to send one commando to the RWI, 4 PLB writes are done to setup the
DMA and the DMA will perform one PLB read. This is a noticeable overhead,
especially when a lot of small transfers are done. In the next section an opti-
mization is presented that tries to minimise this overhead by grouping multiple
small transfers.
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Chain xchain_a2 = new Chain();

Cfifo_source<interm_fifo_r> xsource_a2 = new
Cfifo_source<interm_fifo_r >(rd_data_interm[0]) ;

CordicQuad xquad_a2 = new CordicQuad();

FirFilter xfir_a2 = new FirFilter (B1, BL, 8);

Cfifo_sink<output_fifo_w> *xsink_a2 = new
Cfifo_sink<output_fifo_w>(wr_data_acc_a);

chain_a2—>addShackle (source_a2); //decorate
chain_a2—>addShackle (quad_-a2);
chain_a2—>addShackle(fir_a2);
chain_a2—>addShackle(sink_a2) ;

chain_a2-—>init () ; //build & optimize

Listing 3.1: Code snippet showing easy composition

3.3.2 Software

In this subsection we will explain the software components, and what is done
to improve performance.

As mentioned earlier the software on the gateway CPU plays a critical role in
the sharing of the accelerators. The scheduling of multiple streams and the
state saving and restoring are all done by the software. So in order to reduce
the sharing overhead the software needs to be fast.

Chain composing

In this section we demonstrate how easy an accelerator chain can be defined.

Listing 3.1 is taken from the evaluation application and shows the easy com-
position due to the decorator pattern. First a Chain is instantiated. Then the
following components, called shackles, are instantiated and added. The first
shackle is Cfifo_source, this will manage the CFIFO communication from the
producing CPU. CFIFO is the type of FIFO that is used to communicate be-
tween CPUs. Next are the CordicQuad and FirFilter. Note that the filter
parameters are given at instantiation. The last shackle is the Cfifo_sink, this
will maintain the CFIFO communication with the consuming CPU. In the end
the Chain is initialized. This will build and optimize the Chain. These steps
are described in the next sections. After these steps the Chain is ready to be
used by the interpreter. The following sections will describe these last steps in
more detail.
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Chain building

In this section we will describe how the existing code is changed from performing
actions into code that creates a list of actions.

First the code is analysed in order to see what kind of actions are performed.
It was found that most of the time the CPU is configuring the DMA in order
to perform a DMA transfer. So three actions are defined: a single word DMA
transfer, a multiple word DMA transfer, and a call function action that can be
used to do something else than a DMA transfer.

Next all accelerator functions are altered to generate a list of actions instead of
performing the actions. Generating a list of all actions is done by calling all the
accelerator functions in the same way as the critical loop did and concatenating
the actions into one list. So the builder still uses the template method pattern
to generate the list. However this is not done in the critical loop so it is not a
problem that there are a lot of function calls.

Chain optimization

Another benefit of creating an action list is that it can be optimized to group
DMA transfers. So after generating the list, an optimizer rewrites the list. The
optimizer looks for consecutive single word DMA transfers to the same address.
If the optimizer finds these, it will reserve memory for the data of the consecutive
writes and will place the data in this memory. This is done so the DMA can
access this data. The optimizer will replace the consecutive single word DMA
transfer actions with one multiple word DMA transfer action in the list. This
reduces the number of DMA configurations and therefore improves performance.

Chain interpreter

The list of actions can now be used to perform a restore-save cycle, by inter-
preting the list. This allows for a tight critical loop, because only interpreter
code is run. This code is small because there are only three different actions.
The call function action can still be used to execute other code in the critical
loop. However, in this proposed implementation the function call actions are
used sporadic and the called functions are designed to be small.

Scheduling chains

When accelerators are shared the gateway must schedule multiple chains. This
is done with a round robin scheduler. Listing 3.2 shows a part of the critical
loop and the round robin scheduler. Before a restore-save cycle is done by the
go() method, the scheduler checks if the pre-conditions are satisfied with the
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while (1) {
if (chain_al—>ready ()) //check pre—conditions
chain_al—>go () ; //interpreter

if (chain_bl—>ready ())
chain bl-—>go () ;

Listing 3.2: Code snippet showing critical loop and round robin scheduler

ready () method. This method will check if there is data to be processed and
if there is space in the buffer that accepts this data.

For now the scheduler always performs a state-save between every packet. Even
if the packets came from the same stream. However it should be possible to
process multiple packets of one stream without state-saves in between. Also
note that this can only occur when the other streams do not yet satisfy the
pre-conditions.

3.3.3 Restore-save sequence

In this subsection we will explain how the RWIs are used to perform a restore-
save cycle. There are three major stages. These are the restore, process and
save stages.

In the Figures that follow we will use letter to indicate the mode of the RWIs
and the type of the commands that are sent. The modes are denoted with N, B,
R and W which are normal, bypass, read and write respectively. The commands
are denoted with the same letter and will change the mode accordingly. The
commands have a subscript that indicates for which RWI the command is. An
A is used to mark commands for the accelerator RWI and an E is used to mark
commands for the exit gateway RWI.

Restore stage

This is the first stage and we assume that the RWIs of all accelerators are in
bypass mode. In order to restore state of the first accelerator, the gateway
sends a write command to the RWI of the accelerator followed with the state
data. When an accelerator is restored, its RWI will go into bypass mode. This
allows us to send state to accelerators further in the chain. If there were more
accelerators the state would be restored in the same way. Next the exit gateway
accelerator is configured in such a way that it will sent the processed data to
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the right place. This is done by sending a write commando to the exit gateway
followed with some state data that contains the correct configuration. Finally
all accelerators are put in normal mode by sending the normal command to
each of them. Now the chain is ready to process data. Figure 3.6 shows all the
described transfers and mode changes of this stage.

Transfer to ACC ‘WA WE| |NA NE‘

ACC RWImode | B w B N |

Transfer to EGW ‘WE Ne

EGW RWI mode | B w B |N]
RWI mode RWI command State data

Figure 3.6: Transfers and RWI modes during restore stage

Process stage

When the state of the accelerators is restored and the exit gateway is configured,
the accelerator can be used to process data. Figure 3.7 shows that the entry
gateway will send the data to the accelerator, it gets processed and the acceler-
ator sends it to the exit gateway. The exit gateway knows who the consumer is
and will send it the processed data.

When all the data send by the gateway, it can immediately start with the com-
mands for the state-save. Because the accelerators will finish their calculation,
before the RWTI accepts the command, because the RWI waits for the done sig-
nal from the accelerator. This means that the exit gateway no longer needs to
signal the entry gateway that all data is processed and that it may perform a
state-save.

Transfer to ACC ’—‘ RWI mode
ACC RWI mode ‘ N ‘ Processed data
Transfer to EGW ‘ ‘

EGW RWI mode | N |

Transfer to consumer

Figure 3.7: Transfers and RWI modes during process stage

Save stage
Finally the state of the accelerators is saved. This is shown in Figure 3.8. We

will use the exit gateway to send the state to the entry gateway. So the entry
gateway needs to be configured. In order to do this we put the accelerator in
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bypass by sending the bypass command. Next we send a write command to
the exit gateway followed by the configuration data. We put the exit gateway
in normal mode by sending the normal command. Now the exit gateway is
configured and ready to receive state and send it to the entry gateway. So we
send a read command to the accelerator, and the accelerator will start sending
its state to the exit gateway. The exit gateway will then send the state to the
entry gateway. The entry gateway will store the state and will use this in the
next restore-save sequence.

Transfer to ACC ‘BA WE| |NE|RA
ACC RWI mode ‘ N B R B ‘
Transfer to EGW ‘WE Ng
EGW RWI mode | N w |B N
Transfer to GW

RWI mode RWI command State data

Figure 3.8: Transfers and RWI modes during save stage
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Chapter 4

Dataflow Analysis

In this chapter we will describe the dataflow model of the previous architecture
and we will propose a dataflow model for the proposed architecture. The first
section in this chapter will introduce the dataflow model of the previous architec-
ture. In the second section a new dataflow model is proposed that incorporates
the changes in the proposed hardware architecture. The last section presents an
abstraction of the proposed dataflow model. This chapter will require a basic
knowledge of dataflow modelling.

Temporal analysis is an important part of real-time system design. It is used
to give temporal guaranties over the design. Dataflow is one of the exiting
analysis techniques. It is typically used to calculate worse case throughput, or
to find optimal buffer sizes under throughput constraints. In [2] a new use of
dataflow analysis is presented, the calculation of optimal packet sizes. The paper
gives techniques to find optimal packet sizes under throughput constraints. The
packet sizes dictate the granularity at which state-saves are performed. Small
packet sizes result in high state-save overhead, while large packet sizes will
increase latency and require bigger buffers. The ability to find optimum packet
sizes is a nice addition to dataflow modelling, which will lead to better optimized
designs.

4.1 Previous Accelerator Sharing Models

In this section we will explain the models that are used with the previous ar-
chitecture. These models will later form the basis of the proposed models.

Figure 4.1 shows the CSDF model of the previous architecture. This model
was introduced in [2]. The model contains 5 actors, corresponding to the pro-
ducer, the entry gateway, an accelerator, the exit gateway and the consumer.
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This model only has one accelerator, but multiple accelerators can be added in
between vg and vgg.

First we explain what all the edges represent, and after this we explain the
meaning of all symbols. The edge and the back edge between vp and vg repre-
sent the CFIFO buffer between the producing CPU and the entry gateway CPU.
The variable ¢ indicates the number of initial tokens on edge (vg,vp) which
corresponds with the capacity of the CFIFO between vp and vg. The edge and
back edge from vg to v4 and from v4 to vgg form the accelerator pipeline. The
edges represent the credit based communication between the components, that
prevents the overflow of the local accelerator FIFOs. The edge from vgg to
v represents the synchronisation between the two that occurs when the entry
gateway waits until all the data is processed by the accelerator chain. The edge
from vgg to ve shows that the CFIFO of the consumer is filled by the exit
gateway. However the back edge is from vo to vg, because the entry gateway
has to reserve space in the CFIFO before the exit gateway can write to this
CFIFO.

Symbols b, ns and d are packet sizes of the producer, gateway and consumer re-
spectively. The buffer size of the CFIFO between the producer and the gateway
is ap, and between the gateway and the consumer is az. The size of the hard-
ware buffers between the entry gateway and the accelerator is «q, and between
de accelerator and the exit gateway is ag. The firing durations of the producer,
accelerator and consumer are pp, pa and pc respectively, which correspond to
the execution times of these components in the implementation. The variable o
represents the time that the gateway needs to send a sample to the accelerator.
The variable ¢’ represents the time that the exit gateway needs to send a sam-
ple to the consumer. R represents the time that the gateway needs in order to
reconfigure the accelerators. Lastly w, represents the maximum delay that the
other streams introduce when the accelerator is shared.

(pp) <ws+R +o, (ns—1)x0) {pa (nsxo’)
(b) (15, (ns—1)x (nsx1) (nsx1) (nsx1)
@) . J%% )
(b) o ((ns—1)x0,7n5) (nsx1) aq ( ) a2 (nsx1)
(ns,(r]sfl )x0) ‘ , (ns—1)%0) ((ns—1)%0,1)
1

s

Figure 4.1: Previous CSDF model

In [2] an abstraction of the CSDF model is made. The next paragraph will
describe how this is done, later the same methods are used to make the abstrac-
tion.

Figure 4.2 shows the SDF model that is an abstraction of the CSDF model. The
differences are that the model is no longer a CSDF model and that actors vg,
va and vgg, and the edges between them are combined into vg. This is done
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by creating an execution schedule for the gateways and the accelerator. This
execution schedule is then used to bound the execution time of vg.

PP

Figure 4.2: Previous SDF model

The following equations are used in [2] to prove that the abstraction holds,
Equation (4.1), Equation (4.2) and Equation (4.3). The multiple streams that
managed by the gateway are denoted with the set S, where s is one of those
streams. Where 75 is the time it takes to process 7, elements from stream s on
the accelerators, including state-save overhead, R,. The delay an other stream
can introduce due to sharing is wy. The total processing time of a stream is s,
including the processing times from other streams that share the accelerator.

Ts < 75 = Ry + (15 +2) - max(o, pa, o') (4.1)
i€S\s

i€S

Equation (4.1) shows that 7, is dependent on the state-save overhead (R,) and
the packet size, 5. The minimum processing time of one element in this pipeline
can be over-approximated by max(g, pa, ¢’). The +2 comes from the fact that
vG, V4, Vpag, and the edges between them form a pipeline. So when vg pro-
duces a token, it still needs to pass v4 and vgg resulting in a delay equal to
two additional firings. Equation (4.2) shows that when sharing an accelerator,
the maximum time that a stream has to wait is the sum of all other streams.
Finally Equation (4.3) concludes that the total processing time is the sum of all
individual stream processing times.

4.2 Proposed CSDF model

In this section we present a CSDF model for the proposed architecture.

A new dataflow model is proposed because the changes to the hardware ar-
chitecture made the existing model invalid. The proposed model respects the
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changes made in the hardware. The two key differences between de previous
and the proposed architecture are: state is transferred via the Nebula ring net-
work and the entry gateway no longer checks if all the data is processed by the
accelerators. The next paragraphs describe how these differences are included
in the dataflow model.

Because the state and the data are now going over the same network it makes
sense to model this as well. As the figures in Section 3.3.3 show, performing a
state-save involves sending a complex sequence of data and commands to the
accelerators and thus constantly changing the mode of the RWI.

Figure 4.3 shows the firing duration and, production and consumption quanta
for all the different situations an accelerator and its RWI can be in.

PB PR
1 0 1
VA
1 0 1
(a) Data in normal mode ) Data in bypass mode (c¢) Data in read mode
W pPCoO pPBC
1 0 1 0 1 1
N e 7 i
1 0 1 0 1 1
(d) Data in write mode (e) Command for this (f) Command not for this
accelerator accelerator

Figure 4.3: SDF models of the different accelerator behaviours

Note that the behaviour is dependent on the mode, which is changed with the
commands. So it may look like we are trying to model data dependant behaviour
in CSDF, which is impossible because a firing of an actor is only dependant on
the arrival of tokens on its edges. However, because the exact sequence of
commands and thus mode changes are known, it can be modelled as a CSDF.
This is done by setting the firing duration and quanta vectors so that they mimic
the behaviour of a state-save cycle. An example of this is given in Figure 4.4.
It shows the first 10 situations the accelerator is in. These correspond with the
actions described in Section 3.3.3.

<PCO>pWaPW7PW7PB(17PBa PB,PB,PCO;PBC, >
(1,1,1,1,1,1,1,1,1,1,...) (0,0,0,0,1,1,1,1,0,1,...)

e

(1,1,1,1,1,1,1,1,1,1, ...) (0,0,0,0,1,1,1,1,0,1,...)

Figure 4.4: CSDF model of an accelerators restore-save cycle

Not only the accelerator has a different behaviour in specific situations, also
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the entry gateway and exit gateway have changing behaviours. These are also
deterministic and can be modelled with long firing duration and quanta vectors.
Because the data and state are both send via the Nebula ring network, we
assume that both will take o time. We assume the same for the exit gateway,
sending data or state will both take o’ time.

The entry gateway no longer checks if all data is processed by the accelerators
before it performs a state-save. Therefore the exit gateway no longer needs to
signal the entry gateway. The signalling was represented by an edge from vgg
to vg in the previous model, so that edge can be removed.

However because the state is now transferred via the ring network, an accelerator
will send its state to the exit gateway. The exit gateway will send it to the entry
gateway. Because the state is needed when the state is restored by the entry
gateway, therefore the entry gateway is dependent on the exit gateway. So the
entry gateway not only needs to check if there is data from the producer and
reserve space in the buffer of the consumer, it also needs to check if the previous
state is received. This is represented by an edge between vgg and vg, where ay
represents the number of transfers needed in order to save the state.

The changes result in the proposed CSDF model, see Figure 4.5. It is a complex
model due to the exact modelling of the restore-save cycle. While this will
model the restore-save cycle correct, it does not model delays due to sharing
the accelerator with other streams. In Section 4.3 we propose an additional
model that is an abstraction of the CSDF model and does include the delays
due to accelerator sharing.

) (pco, pw, pw, -..) (pcos pwspw, --) (pc)
1,1,1,) (1,11, (0,0,0,..) (1,1,1,..) (0,0,0,..) {d)

_ ( VA ) _ ( vEG Vo
1,1, e (11,1, ) {0,0,0, ..y (1,1,1,...)
,0,0,...) R (0,0,0,...) (d)

ay

[e%:]

Figure 4.5: Proposed CSDF model

4.3 Proposed SDF model

In this section we will present an SDF model which is an abstract version of
the CSDF model proposed in Section 4.2, which also includes the delay that is
a result of the sharing of the accelerators. First we will create an SDF from the
CSDF model by means of abstraction. Then we will add the delay that is the
result of sharing of the accelerators.

The abstraction made in the section is based on the refinement theory presented
in [15].
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In order to simplify the CSDF model, we will combine actors vg, va and vgg,
as well as the edges between these actors into one actor. We will also limit the
number of phases to one, which results in a SDF model. In order to perform
the abstraction, a schedule is created to visualize the firings. Figure 4.6 shows
the schedule of the state-save sequence described in Section 3.3.3. As shown
in Figure 4.6 the duration of a restore-save cycle depends on the number of
transfers needed to restore the accelerator state, the number of data sample
that are processed, the number of transfers needed to save the state and the
number of commands. The total number of restore transfers is L, where [; is
the number of transfers for a partial restore. The number of data samples that
are processed is denoted with ns. This is also called the packet size. The total
number of save transfers will be called J, where j; is the number of transfers
for a partial save. The total number of commands is K. The firing durations in
Figure 4.6 are all shown as equal, this is probably not true. However later we will
over-approximate all the different firing durations into one uniform time step,
and this will correspond with the uniform firing durations in Figure 4.6. This
over-approximation is an valid abstraction, base on the the-earlier-the-better
refinement. This refinement states that shorter firing duration can never result
in a worse schedule.

vale] inxo Je] iaxo [e]e] nsxe Jele] isxo Jole
VA pcol'ilXPW Psc| 12 X PB |Pcolfec| Ns X PA |Peolfec| i3 X PB |Pcolfsc lePR‘
vpa o ia X pw | Jpeo] ms x 0" | ool iz X pw | lped] 1 x @]

Figure 4.6: Typical schedule of the CSDF model

We can now derive an upper bound for the time it takes to perform a restore-save
cycle. Equation (4.4) gives an upper bound on the duration of the restore-save
cycle. The maximum possible firing duration of every actor is used to create
an uniform time step. This time step is the worse case firing duration of every
possible phase of actors vg, v4 and vgg. With this uniform time step we can
create a schedule just like Figure 4.6. The number of uniform time steps needed
to perform the restore-save sequence is equal to the number of transfers and the
number of transfers is equal to the sum of L, J, K and 7ns. Because production
by wvg still needs to go through v4 and vgg, two additional time steps are
necessary, which result in the +2 in Equation (4.4).

Ts S 7A—s = (L + J+K+775 + 2) : maX(vaA:pBavapR7pCO7pBCaQl) (44)

Now we can also include the delay introduced by the sharing of the accelerator,
which is equal to the sum of the processing time of a packet of each of the other
streams. This results in Equation (4.2) which is the same formula used in [2].
The total firing duration can be calculated with Equation (4.3), as is done in

[2].
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The resulting SDF model is also equal to the model presented in [2], it only
differs in the way how 7y is calculated, and will thus result in another ;. The
SDF model is shown in Figure 4.7.

PP Vs Pc

Figure 4.7: Proposed SDF model

The methods to determine the optimal packet size that are described in [2] can
still be used. Because the topology of the proposed SDF model is equal to the
topology of the SDF model in [2] and ~; is still a function of 7.
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Chapter 5

Evaluation

This chapter presents an evaluation of the work that has been presented in the
previous chapter. The first section will describe the test case used for this evalu-
ation. The following section presents the performance of the implementation in
terms of speed and its cost in area. The results are compared with the previous
implementation. The last section evaluates the proposed dataflow models. We
will compare the throughput and buffer size with the previous models.

5.1 The benchmark application

In this section we will describe the application that is used to evaluate the
implementation. The same application is used as in [1]. This will allow us to
compare the results of the proposed implementation with the results published
in [1]. By using the same application a fair comparison can be made.

The application used in [1], is a stereo FM demodulator. This application is
chosen because it can be split in 4 parts that perform similar operations on
a data steam. This means the 4 parts can utilize the same accelerators, and
therefore these accelerators can be shared. This makes it a suitable application
to demonstrate the sharing of accelerator. Figure 5.1 shows a block diagram of
the stereo FM demodulation. The radio signal is split into two streams, one for
the left and one for the right audio channel. There are two steps performed for
both channels. First a channel is mixed with the appropriate carrier frequency.
After mixing, the signal is low-pass filtered and down sampled. The second step
is FM demodulation, low-pass filtering and down sampling. So in total there
are 4 parts, two steps for two channels. We will not go into detail how the
different blocks work exactly. It is sufficient to know that the operations done
in one part, can be performed by an FIR filter and COordinate Rotation DIgital
Computer (CORDIC) accelerator. The CORDIC is used to do the mixing or
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the FM demodulation. The FIR filter is used to perform the low-pass filtering
and the down-sampling.

ylefb

Figure 5.1: Stereo FM demodulation block diagram

Figure 5.2 shows the architecture that is used to evaluate the proposed acceler-
ator sharing architecture. There are 4 CPUs. The first is the producer (CPUp),
it will send a generated radio signal to the gateway. The second CPU is used
as entry gateway (CPUgw). The CPUy, is performing the subtraction and is
interleaving the two audio channels. The consumer (CPUg) is used to save
the produced audio signal. The gateway manages two accelerators, a CORDIC
accelerator (ACCcogr) and an FIR accelerator (ACCpir). There are multiple
RWIs that are used to configure the accelerators.

t CcPU, ] [CPUCWHACCW A] ACCCOR] Accm]é ACC,_,

I

L[]

RWI

RWI || RWI ’

I

I

[CPUM] [CPUC]

Nebula Ring Network

Figure 5.2: High level system overview used for evaluation

The speed of the application is measured by processing 100000 packets and by
measuring the time it took to process these packets. So the producer will start
a timer and sends 100000 packets to the gateway. The consumer counts the
number of packets received and after 100000 packets it will stop the timer. This
will result in a measurement in seconds per 100000 packets. These measurements
are used to derive the least squares approximation. The measurements and
approximation are transformed to 100000 packets per second by taking the
Finally we multiply with the number of samples per
packet to get the 100000 samples per second. Because the number of samples per

multiplicative

inverse.
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packet, also called packet size, is variable, the results will show the throughput
for multiple different packet sizes.

The size of the implementation is taken from the hardware synthesis reports.
These reports list the number of used slice registers, Look-Up Tables (LUTs)
and LUTs used as RAM (LUTRAMs). These are the basic components that
are used to create the architecture. The report shows the statistics of the
individual subsystems within the system. We include in our comparison only
the subsystems that have been adapted by us.

5.2 Evaluation of the implementation

In this section we will present the measured speed and size. We will compare
the result with the previous implementation.

5.2.1 Speed

Figure 5.3 shows the measured throughput and the approximation, for the previ-
ous and proposed architecture. The measurements are indicated with the dots,
while the approximation is shown with the line. The proposed architecture is
approximate 2.5 times faster.
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Figure 5.3: Throughput comparison

The approximations of the throughput are used to create Figure 5.4. It shows
the utilisation of the accelerators. This is the percentage of time that the ac-
celerators are processing data. The remaining time is used to perform state
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saves and restores. The best case utilization is also shown. This is the ratio
between the data that is processed and the total data sent to the accelerators,
consisting of processed data and state data. The best case utilization is shown
in Equation (5.1). Note that the number of data transfers is dependent on the
packet size multiplier. The best case utilization is made under the assumption
that transferring state is as fast as transferring data.

DataTransfers(PacketSizeMultiplier)

BestCaseUtilisation =
eetiaseltiisation DataTransfers(PacketSizeMultiplier) + StateTransfers
(5.1)
80% M Previous
B Proposed
60 Best case
g 0
g
2
5 40%
5
20%
0% ////’
1 3 5 7 9

Packet size multiplier

Figure 5.4: Utilisation comparison

Figure 5.4 shows that the proposed architecture is better utilizing the accel-
erators. However, the proposed utilization is still not close the the best case
utilization.

The approximations of the throughput can also be used to give an approximation
of the time needed to transfer data and to transfer state. Table 5.1 shows
the cycle times for different transfers. The data transfer time did not change.
This is as expected, because the way data is transferred did not change. The
approximated time to transfer one 32-bit state word in the previous architecture
is 26.21 cycles. This is in the same ballpark as the 23 cycles measured in [1].
The proposed architecture needs 9.25 cycles to transfer one 32-bit state word.
This is a reduction of 65% compared to the approximated cycles per transfer
of the previous architecture. While this is a significant reduction it is still not
close to the data transfer time. This is due to the overhead introduced by small
commands to the RWIs, the fact that small transfers do not get burst transferred
by the DMA and the large DMA configure overhead for small transfers.
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Cycles per transfer Data transfer State transfer

Previous 1.56 26.21
Proposed 1.56 9.25

Table 5.1: Approximated transfer durations

5.2.2 Size

Figure 5.5 show the hardware cost of the subsystems that have been changed
by us. The proposed components also show how they compare relative to the
previous components. The costs named CPU represents the hardware cost for a
CPU to connect to the Nebula ring network. The cost of a CPU are not shown
because the CPU itself did not change. The costs named ACC is the cost for
an accelerator to connect to the Nebula ring network. This is without the cost
of the accelerator itself. The cost named ACC Interface is only shown once,
because the proposed architecture does not have an ACC Interface.

In the proposed architecture the ACC LUTRAM usage is almost doubled. This
is because the RWI uses the address to determine if the data is a command
or not. So now the address is buffered together with the data. The previous
architecture did not use the address so the synthesise optimizer could remove
the address buffer. This is why the previous architecture uses less LUTRAMs.

The LUT usage of the ACC is increased due to the additional RWI logic. The
LUT and LUTRAM increase of the proposed CPU should not have happened.
A possible explanation can be the usage of the new tool chain used to build the
proposed architecture.

The overall slice reg decrease is probably because the measurements in [1] had
some debug features enabled in the ring shell. These features are no longer
enabled in the ring shell version used in the proposed architecture.

Figure 5.6 shows the total cost of the changed parts of the previous and proposed
architecture. The total cost of the previous architecture is the sum of 4 CPUs,
4 ACCs and an ACC Interface, while the total cost of the proposed architecture
is the sum of 4 CPUs and 4 ACCs. Again there is a decrease in slice reg usage,
and an increase in LUT and LUTRAM usage.

Until now we only compared the proposed architecture to the previous archi-
tecture, and while the usage of some hardware components is increased, and
others decreased, the overall there is a decrease of 91%. This is based on the
total number of components in the evaluation application. The previous ar-
chitecture had 6524 components in total while the proposed architecture has a
total of 5915 components.

If we try to compensate for the fact that the measurements of previous architec-
ture included debug features, then we estimate that the proposed architecture
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Figure 5.5: Hardware cost for individual components

requires 10% more hardware than the previous architecture. We can therefore
conclude that the utilisation of hardware accelerators is increased with 150% at
the cost of an 10% increase of the required hardware.
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Figure 5.6: Hardware cost comparison

5.3 Evaluation of the dataflow models

In this section we will compare the proposed SDF model with the SDF model
from [2]. We will compare throughput, buffer sizes and packet sizes. Both mod-
els have the same topology, but a different ;. This will make the comparisons
straightforward.

5.3.1 Throughput

The throughput of an application can be determined with a dataflow model.
When an application has hardware accelerators that are shared, the dataflow
model will have multiple instantiations of the proposed SDF accelerator sharing
model. The throughput of an application will be dependent on the whole model,
and not only on the proposed SDF accelerator sharing model.

However due to the monotonicity of dataflow models, a shorter firing duration
can never result in a later production. This also means that a shorter firing
duration can never result in a worse throughput.

And because the proposed SDF model only differers in firing duration, the
following can be concluded: if the ;s of the proposed model is smaller than the
~s of the previous model, then the throughput of the proposed model cannot be
worse.

Without the value of 4, we cannot give a definitive answer. In order to calculate
s, we need to know multiple parameters of the system that could be measured
or estimated. However these experiments have not been carried out. We do
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recognise the importance of evaluation of the dataflow models, so we suggested
this as future work, Section 6.2.

5.3.2 Buffer size

Just as the throughput the minimal buffer sizes can be determined with a
dataflow model. The minimal buffer sizes of an application depend on the
whole model, and not only on the proposed SDF accelerator sharing model.

Because a shorter firing duration cannot lead to worse throughput, the buffer
sizes do not need to be increased because the throughput did not decrease. So
if the firing duration v, decreased, the buffer sizes do not need to be increased
and might even decrease.

5.3.3 Packet size

Methods to derive the packet size of the shared streams are described in [2].
These methods are again dependent on the whole dataflow graph, and not only
on the proposed SDF model for shared accelerators. However it is still possible
to say something about packet sizes of the proposed model.

When firing durations decrease, the previous schedule is still a valid schedule. So
the previous packet sizes are also still valid. So shorter firing durations cannot
result in worse packet sizes, because the previous packet sizes will always be
valid.

So if the firing duration v, is decreased, the packet sizes did not increase and
might even decrease.
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Chapter 6

Conclusion and Future Work

In this chapter we will present the conclusions and future work.

6.1 Conclusion

In this thesis we tried to find an answer for the following research question: How
to reduce state-save overhead for shared accelerators in an MPSoC
with a ring NoC? We will answer this question by answering the following
sub-questions.

What is the cause for the large state-save overhead?

In Section 3.1.3 we identified that the large state-save overhead was primary
due to two limiting factors. One factor was the slow configuration interface that
was used to access the state of the accelerators. The slowness is caused by the
high transfer overhead of the PLB. The other factor was the software overhead
introduced by the template method programming model. In this programming
model the code for a state-save is split across many small functions, which all
have their calling cost, but which also prevent global optimization.

Is it possible to introduce an architecture that reduces the state-save
overhead?

In Section 3.3 we propose an architecture that reduces the effects of the state-
save overhead issues that were identified in Section 3.1.3, while keeping the
hardware cost low. The presented architecture makes use of the existing ring
network to access state in the accelerators. This allows the removal of the
slow configuration interface, resulting in a hardware cost reduction. The ex-
isting DMA can be used to write the state to the accelerators, which increases
the transfer speed and thus lowers the state-save overhead. The existing ring
network is extended with RWIs to support state transfers from and to the accel-
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erators. The state-save overhead caused by the software is reduced by changing
the template method pattern to an interpreter pattern. By creating an interme-
diate representation of the action performed during a state-save, it is possible to
reduce the amount of code that is executed to perform a state-save and allows
us to make global optimizations that were not possible before.

What is the performance of this architecture?

In Section 5.2.1 we perform a number of measurements that capture the perfor-
mance of the architecture. The proposed architecture is 2.5 times faster than
the previous architecture. While this is a decent increase, measurements also
indicate that there is still a significant overhead when transferring state. This
is caused by small commands for the RWIs that are interleaved with the state
data, resulting in multiple small transfers. These small transfer are not handled
well by the DMA because only blocks of 8 words are transmitted as a burst
and starting a DMA for small transfers has enormous overhead. The DMA was
originally added to achieve better PLB read access, but a better solution would
be to look for a PLB alternative. The newer Advanced eXtensible Interface
(AXI) might be a faster alternative.

What is the hardware cost of this architecture?

In Section 5.2.2 we measured the hardware cost of the proposed architecture
and compared it with the previous architecture. The results showed that the
hardware cost was decreased for some components while for others it was in-
creased. Overall we estimated a 10% increase of hardware usage. This 10%
increase is easily justified by the performance increase of 150%.

Is it possible to model the temporal behaviour of the architecture?
In Chapter 4 we show that is possible to model the temporal behaviour of the
proposed architecture with dataflow model. A CSDF model of the accelerator
sharing architecture is presented in Section 4.2. An abstraction of the CSDF
model is made in Section 4.3, the resulting SDF model is very similar to the
SDF model of the previous architecture. The presented models can be used to
derive throughput, buffer sizes and packet sizes.

Do the models capture the gain in performance?

In Section 5.3 we compared the proposed model with the previous model. Only
the abstracted models were compared. The abstracted models only differ in one
parameter, so a comparison was straightforward. We concluded that when this
parameter is decreased, the system cannot have worse throughput, worse buffer
sizes and worse packet sizes. So decreasing this parameter can possibly result
in better throughput, better buffer sizes and better packet sizes.

6.2 Future Work

In this section we describe a number of techniques that could improve the pro-
posed architecture.
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6.2.1 Stack machine entry gateway

The proposed architecture for the entry gateway contains a MicroBlaze CPU.
This CPU was chosen because the architecture already contained them. So
they could be added easily. A disadvantage of this CPU is its size and its slow
connection to the ring network. The Ring DMA was added to improve the
connection to the Nebula ring network, but this made the design even bigger.

Figure 6.1 shows a global overview for an alternative entry gateway architecture
that could be smaller and faster than the proposed gateway architecture. The
core of the new entry gateway is a stack based CPU called J1 [20]. The J1 is
a simple and small CPU design, less then 200 lines of Verilog [20]. Its simple
design makes it easy to customize. With some modification it would be possible
to connect it to the Nebula ring network. Because this CPU is not connected
to the memory and ring network via PLB, it will have faster memory access
than a MicroBlaze. It might even be possible to let the CPU do the memory
transfers, so that the DMA can be removed, reducing the hardware cost even
further. It might be necessary to add hardware loop support, so that writing
multiple words to the Nebula ring network is as fast as DMA. The code can be
loaded into the code memory via the Nebula ring network. The existing CFIFO
protocol can be used to communicate with other CPU cores in the system.

Nebula Ring Network
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y y

Code Data
memory memory
I
A A
4 N\
J1 CPU
(I t t 2\ 4 2\
nstruction
decoder ALU
. . J
e N\ N
Return Data
stack stack
_ J Y,
o %

Figure 6.1: Alternative entry gateway architecture with a J1 CPU
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6.2.2 Nebula ring topology

As mentioned in Section 3.2, a disadvantage of the proposed state-save mecha-
nism is that the state is transferred around the ring network when it is saved into
the memory of the entry gateway. This will reduce the remaining bandwidth of
the ring network, which will affect all the CPUs and accelerators between the
exit gateway and the entry gateway.

One possible solution is to create a separate ring for accelerators. Figure 6.2
shows such an architecture. The entry gateway and exit gateway are merged into
a bridge and the bridge provides access to the accelerators. This will eliminate
the bandwidth penalty of state saving, because state saving will no longer use
the primary ring network.

However because the bridge is now connected to two ring networks it can of
receiving twice as much data. This is a problem because both ring networks
might want to write to the local memory of the bridge. Remember that the ring
network is designed in such a way that it guarantees that transfers are never lost.
So data that is being sent to the local memory will always be written to the local
memory. This means that problems occur when both ring networks try to write
to the local memory. Because the memory can only store one transfer, while
two could arrive. It is simply not possible to connect both ring networks to one
memory and guarantee that all transfers are stored. A possible solution is to
add a second local memory, so local memory one for each ring network interface,
however this would increase the hardware cost, due to the extra local memory.
An other disadvantage of this architecture is that the data that is processed by
the accelerators is first stored in local memory the bridge, and then copied by
the bridge to the consumer. This means that some local memory of the bridge
is used as a temporary buffer, and that the bridge spends some time to copying
data form its local memory to the memory of the consumer. This is a wast of
memory and processor time.

(oee) (] (]
S

Ring Network

Figure 6.2: Alternative ring network topology
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An alternative architecture is shown in Figure 6.3, which is capable of directly
writing the data from the accelerators to the consumer.

In this architecture the accelerator ring is limited to token based communication.
So transfers over accelerator ring will never try to write to the local memory of
the gateway directly, and thus it is possible to use only one local memory.

A new block is introduced, the injector and extractor. An extractor is added to
the accelerator ring, and the injector is added to the primary ring, just before
the entry gateway.

In order to get data from the accelerator ring to the primary ring we will use
the extractor and injector. Because the entry gateway is in control of the accel-
erators, it knows when an accelerator produces data that needs to be sent to a
consumer on the primary ring network. So the entry gateway will configure the
accelerator to send the data to extractor. The gateway will also configure the
extractor and injector to accept a number of words and send it to the location
of the consumer. So now an accelerator can send its data to the extractor and
the injector injects this into the primary ring network to the consumer. The the
extractor and injector can also be used to transfer state to the entry gateway,
by making the entry gateway the consumer.

This approach is possible because the accelerators use credit based communica-
tion, so when there is for example a lot of traffic between CPUy and CPUj, the
injector does not have the full ring network bandwidth. As a result the injector
will probably block the accelerators due to back pressure, because of the credit
based communication.

The existing exit gateway is already very similar to the extractor and injector
so a realisation of this idea should not be difficult. A disadvantage of this
approach is that the CPUs can no longer use the accelerators directly, only via
the entry gateway. However if an accelerator is used directly it means that it is
not shared so there is no need for a gateway, and the accelerator could be placed
on the primary ring network. This would make it directly accessible again. An
additional advantage of this approach is that when there are no accelerators on
the primary ring network, it can remove support for credit based communication
reducing the hardware cost.
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Figure 6.3: Alternative ring network topology using an injector and extractor

6.2.3 Evaluation of dataflow models

In this thesis we proposed new dataflow models for the proposed accelerator
sharing architecture. While these models are correct, the accuracy is unknown.
Knowing the accuracy of the model is important because it will be reflected in
the accuracy of the derived buffer and packet sizes.

In order to determine the accuracy of the dataflow models a case study can be
performed. This case study should try to create a model of an application by
using estimated or measured values for the model parameters. The application
could be the same as in Section 5.1. When a model is created, it can be used to
derive maximum throughput, minimum buffer sizes and minimum packet sizes.
These values can then be compared with measurements of the application.

Discrepancies in the measured and modelled results, should be explained. These
discrepancies can also be used to identify problems in the models that could be
improved. We expect that improvements can be made by better modelling the
latency of the accelerator pipeline. It might also be possible to create a better
abstraction then the proposed SDF model, because a better abstraction will be
less pessimistic, and will thus have better accuracy.
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