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Abstract

Modern hardware accelerator cards create an accessible platform for developers to reduce ex-
ecution times for computationally expensive algorithms. A powerful computing system can
be created by combining a hardware accelerator and a processor. In this system the processor
facilitates the overhead control of an algorithm and the hardware accelerator provides compu-
tational power for the intensive calculation in the algorithm. Such a hybrid system also has a
downside. Most widely used systems have dedicated memory spaces, resulting in the proces-
sor having to transfer data to the accelerator card memory space before the computation can be
executed. Currently the performance increase from using a accelerator card for data-intensive
algorithms is limited by the data movement, this is called the memory bottleneck.

This research aims to reduce the effect of this memory bottleneck and improve overall per-
formance by caching data on the accelerator memory. Caching is a proven technique in other
tields as a method to reduce data movements and shows potential for hardware accelerator
cards in certain use cases. Caching exploits the locality of data to reduce data movements.
Tree-based algorithms inherently provide this locality of data due to the structure of the tree.

The goal is to design a software based cache running on the host processor to utilize the accel-
erator card memory space as cache memory to verify that caching can alleviate the effect of the
memory bottleneck. The designed cache is tested on the Phylogenetic maximum likelihood
function, a data intensive tree-based algorithms to calculate evolutionary relations between
different species based on genetic characteristics. This algorithm has shown to be susceptive
to the memory bottleneck.

The tests showed that in the best scenarios the number of data movements from host to accel-
erator card memory for the phylogenetic likelihood function is reduced by 90%. This provides
a reduction in the total execution time between 31.6% and 39.9% for different tree sizes. Given
the results caching on hardware accelerator cards shows potential in reducing the memory
bottleneck for tree-based algorithms and is worth further investigating on other algorithms.
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Chapter 1

Introduction

Combining CPU processors with hardware accelerators creates incredible new possibilities for
high performance computing. It also creates some new challenges along the way as explicit
data movement is required between the host processor and accelerator cards in the absence of
shared memory space.

A way to possibly reduce the effect of this bottleneck is caching. Caching exploits the locality
of data to optimize the data transfers. In tree-based algorithms the relation between data is
known, allowing to be exploited by caching.

That is why research aimed at exploring the effectiveness of software caching for tree-based
algorithms when using accelerator cards is proposed in this report.

1.1 Motivation

Hardware accelerators are being used more and more to reduce computation times for time-
intensive algorithms. However hardware accelerators do not always share a memory space
with the host processor. Examples of this are data center architectures or accelerator cards.
When accelerator and host do not share a memory space, as shown in fig. the data has to
be transferred to the accelerator dedicated memory.

Accelerator Card ‘
Host <

Processor

\ 4

Memory D S o
Memory

Figure 1.1.1: Block diagram of memory architecture for host processor with accelerator card.

In order to do so first the host processor must retrieve the data from memory. It is then trans-
ferred to the accelerator card and stored in the card’s memory. The data can now be used by
the accelerator card and the result is stored in the same on board memory. Finally the host
processor can retrieve the data from the accelerator card memory space and transfer it to the
host memory.

Data transfers in memory-bound applications are time expensive [1]. When extra time is re-
quired for data transfers the performance improvement perceived by the host is reduced. This
is called the memory bottleneck. The effect of the memory bottleneck is especially noticeable in
data-intensive algorithms and can lead up to a point where the use of a hardware accelera-
tor has no positive effect on the performance anymore. For data-intensive algorithms perfor-
mance improvement of a hardware accelerator is limited by the data transfer speed between
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both memory spaces. This is a general problem for hardware accelerators [2] and is sometimes
also referred to as the I/O bottleneck.

To reduce the effect of this memory bottleneck multiple possible improvements can be made,
with the two most conspicuous improvements being, faster data transfers between both mem-
ories or reduction of the amount of data transfers. The transfer speed between a host and ac-
celerator card lies outside the scope of this research. The focus will be on reducing the amount
of data transfers in data-intensive memory-bound applications.

This problem is not new. In the early days of processors reading and writing to the mem-
ory quickly became time expensive [3]. To overcome this memory bottleneck caches were in-
vented. A cache is a memory space very close to the processor, which reduces the time spend
on read and write operations to that memory with respect to read and write operations to other
memories available/accessible [4]. More research is required to see if the behavior of a cache
memory can be mimicked in software for an accelerator card to reduce the memory bottleneck
effect by using on card available memory space as cache.

Research problem

Realized performance of hardware accelerators with dedicated memory is reduced when ex-
plicit data transfers to and from accelerator-dedicated memory are required.

1.2 Scientific contribution

Caching is an established and well-used concept in processor design. All modern processor
cores have a form of cache memory. This research will implement this core concept in computer
architecture and apply it in a novel way. The existing memory hierarchy control of a system is
extended to the memory space of an accelerator card. This allows the memory on an accelerator
not only to be used as a buffer for a compute kernel but to be used as a genuine memory space
where data can temporarily be stored.

With this change in memory usage on the accelerator card, the goal is to reduce data transfers
between host and accelerator card for data-driven algorithms to alleviate the memory bottle-
neck that is currently present. Standard caching techniques, currently used for processors, will
be evaluated on tree-based algorithms as these algorithms inherently have locality of data that
can be exploited by caching. The different characteristic of caching are evaluated separately in
this research, to show how it influences the performance when implemented on an accelerator
card.

Finally the entire caching design is tested on the phylogenetic maximum likelihood function
algorithm as proof that caching can alleviate the effect of the memory bottleneck in real world
applications.

1.3 Thesis structure

The structure of the thesis is as follows. In the next chapter 2| the background of the project is
explained. Next in chapter [3| the objectives are listed and different possible research models
are discussed. In chapter [ existing literature is reviewed. Next the design of the cache is
described in chapter 5| In chapter|]the evaluation method is described followed by the results
in chapter [7]The found results are discussed in chapter[§] Finally in chapter [9|the conclusions
from this research are drawn.




Chapter 2

Background

In this chapter some background information about the project is given. Section [2.1| describes
different hardware accelerators and how hybrid systems with accelerators can be made. Next
section introduces caching as a method to reduce these downsides. Lastly some back-
ground about tree-based algorithms as potential use case is given in section

2.1 Hardware accelerators

The potential of hardware accelerators is great and well known nowadays. That is why in
many applications hardware accelerators are used, in bioinformatics and computational biol-
ogy [5], modeling molecular interactions [6], remote sensing and cryptanalysis [7] and gen-
eral microprocessor implementations [8], [9)]. Hardware accelerators can utilize parallelism by
having a more concurrent nature than traditional sequential software counterparts. Therefore
hardware accelerators are very suitable for speeding up computationally intensive applica-
tions.

The most commonly known hardware accelerator technologies available today are Field Pro-
grammable Gate Array (FPGA), Graphical Processing Unit (GPU) and General Purpose Com-
puting on GPUs (GPGPU) and Applications Specific Integrated Circuits (ASIC). There are
many more hardware accelerators but most are, like the ASIC, more application specific. FP-
GAs and GPUs are generic and reconfigurable or programmable and are therefore easy to use
during development. Both options are available with PCI-express (PCle) interfaces. This al-
lows for high bandwidths, with PCle 4.0 on x16 lanes up to 32GB/s, and easy interfacing from
a CPU. The main vendors for FPGAs as well as GPUs all offer accelerator cards with PCle
interfacing.

The combination between the versatility of a processor and the computational power of a
hardware accelerator can be the base of very useful hybrid systems, especially when a high
bandwidth interface like the aforementioned PCle is used.

2.2 Caching

One of the most commonly known techniques to reduce the effect of a memory bottleneck in
a system is caching. A memory bottleneck essentially is a process throttled by a high latency.
Caching can reduce this latency but can also impact the throughput of the process.
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2.21 Latency

A cache is a memory space very close to the user of that data for temporary storage. By having
the data closer to the actual user the transfer speed is much higher, thus reducing the memory
bottleneck. A great and commonly known example is the cache on a CPU. This is a small
memory space on the actual processor itself. The processor in this case being the user of the
data. Here data can, temporarily, be stored so the next time data is required the processor does
not have to transfer it from the main memory, reducing the number of transfers between the
main memory and the processor. Memory space so close to the processor is very expensive and
thus very limited in size. A hierarchy is thus created with different types of memory within a
system. For hardware these hierarchical memory management systems often go even deeper
with multiple levels (L1 to L3) within the cache memory.

Another relatable example are web browsers. Last visited websites are stored on the user side
of the network, i.e. your computer. If the user wants to visit that website again the content
does not have to be retrieved from the remote server but can be read from the web browsers
cache memory, resulting in lower latency for the user.

2.2.2 Throughput

Besides the latency reduction caching can also improve the throughput rate from underlying
resources. The overhead for data transfers is not linearly related to the data size. An intuitive
example for this is the memory address. When a processor wants to retrieve data from memory
it has to send an address from where to read the data, that takes up bandwidth. If the processor
in that case only reads a small amount of data the ratio between transferring the address versus
transferring the actual data is high. When these small grained data accesses can be combined
to form one larger data transfer this ratio will lower, increasing the efficiency of the bandwidth.
The extra small grained data fragments can then be stored in the cache for when that data is
actually required.

Using combined data transfer sets, the costs of data transfer per data item are reduced and so
is the memory bottleneck effect. In order to benefit from this higher grained data transfers,
information might be required to know which data will be requested in the future. For this
reason caches rely on the locality of data.

2.2.3 Locality of data

One of the principles that help the performance of a cache memory is the locality of data in the
underlying resources. There are two types of locality that can be distinguished for cache per-
formance improvements, temporal locality and spatial locality. Both will be explained below.

Temporal locality

The temporal locality of data relates to the moment when the data is required. Often these
moments are close together making it beneficial to store that data temporarily in cache. The
website caching example, as mentioned before, by web browsers shows the concept of tempo-
ral locality of the data in the form of web pages. More specifically for this example, a search
engine. When using a search engine the user is greeted with a list of possible websites contain-
ing the desired information. It is very likely that not all of those websites contain the actual
information or that the user intents to compare different results. Every time the user wants to
check a different result he/she returns to the web page of the search engine. Making it very
likely that the user requires the information on that page multiple times in a short time frame,
making it ideal information to store in cache memory. This is just an intuitive example. In a lot
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of processes data is often addressed based on the previous addressing moments. In fig.
a cyclic memory access pattern is shown. Here it is clear that recently used memory addresses
are accessed again showing this temporal locality. In this figure the arrows represent the access
order of the data.

Spatial locality

Besides the temporal aspect there is also the spatial aspect to locality of data. In the actual
sense that data used together is often also stored together, in which case it might be beneficial
to not only transfer the called data to the cache but also some surrounding data in a large grain
data transfer. This way the throughput as described before is increased and future memory
calls can possibly be prevented. Such spatial locality of data on a memory level is shown in

fig.

Memory Memory
G = S
) S
< O
G
(a) Temporal locality (b) Spatial locality.

Figure 2.2.1: Access orders on memory level.

2.24 Integrated

One of the true beauties of caching is the added benefits for the user, without additional efforts.
In the sense that it, in most cases, it is an integrated system operating on its own. A properly
implemented cache does not require any interference from the user. So for the user nothing
really changes but now the data transfer and thus latency is sometimes improved. The fact
that almost all modern computing devices have a cache memory shows that there is benefit in
this hierarchical memory for the user.

2.3 Cache architecture

Now that the working principles of the cache are clear architecture of a cache is elaborated
upon. Just like a regular memory space, cache memory is divided into blocks. These blocks
can have an arbitrary size but for the explanation each block, in both the main and the cache
memory, contains one byte of data. The number of blocks in a cache is at least an order of
magnitude smaller than the number of blocks in main memory. There are three main aspects
important to understand how a cache operates.

¢ The determination where in cache data must be stored.
¢ The determination where in cache data can be retrieved.

¢ Which cacheline to replace when the cache is full.
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2.3.1 Direct mapped configuration

First of is the determination of location in cache memory. Just like the main memory each block
in cache is assigned an index. Now every address from main memory is mapped to an index
in cache, this is called a direct mapped configuration. When the number of blocks in cache is
a power of two, a simple mapping method can be used to determine the index in cache for
any arbitrary main memory size. For example take the memory spaces in fig. When the
number of blocks in cache is in the form of 2", the controller can lay a mask of the last n bits
over the address in main memory and map each address to an index in cache. Since the address
will just roll over, the bit mask, a repeating pattern emerges and the mapping starts at the top
of the cache again. Each cache index can be determined by cache_address = main_address%2".

Main memory

ooloo |
o001

ool10

0011 Cache

01|00 00
01|04 01
0110 10
01|11 11
1000
1001 | |

Figure 2.3.1: Direct mapped cache memory.

This way every index in cache is assigned an equal amount of main memory addresses. This is
the simplest form and can all easily be realized in hardware with some logic without requiring
the processor. This method does have its downsides. Since it is a fixed system, there is no
flexibility for the controller to store data somewhere else in cache. If for example in a set
of data, the data is alternated with metadata about each byte, which is not required by the
processor, the cache memory space cannot be entirely utilized. This is shown in fig. Here
it can be seen only half the cache memory is addressed and the other half will never be utilized.
The same effect could happen if the block size in main memory and in cache memory differ
from size. If the block size in cache is twice the size as the block size in main memory, half
the cache will never be addressed. Other configurations are possible to overcome this lack
of flexibility, these are explained later on in section and section First the way the
controller determines if data is already in cache, where, or that it should still be retrieved from
main memory will be elaborated.

Determining if and where data is or needs to be is not a straightforward principle. Since multi-
ple addresses of the main memory map to the same address in cache, it is not enough to check
if there is data in a specific block in cache. The controller needs a way to check if that is the
data the controller is looking for. In order to do that a tag is added in the cache memory to each
data block. This tag can essentially be anything as long as it uniquely identifies a data block in
main memory. In general the address in main memory is chosen as a tag. This is convenient
since it is a unique identifier and furthermore the address is already required for the controller
to locate the block in cache. When data is transferred to cache memory, the address is copied
to the tag field of that block in cache. There still is a small optimization step that can be applied
here. Since part of the address is already used to find the index in cache as mentioned before.
Those bits are already known and do not have to be stored anymore. For instance with a cache
of 64 blocks (2°) and an address in main memory of 32 bits. In this case the mapping will look
like something in fig. Here only 26 bits of the address are stored as tag.

6
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Main memory
0ofoo |
oojo1 | |
00{10
oof11 | | \ Cache
01{00 00
01(01 | | | 01
01{10 10
o1)11| | / | 11
10[00
ot | |
Figure 2.3.2: Alternating data pattern.
32 bit Address Index Tag Data
| | 0
1
2% - 6 -7 Index 2
> ToCPU
62
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¥

Tag _;/'!: N\ Hit
N

Figure 2.3.3: Mapping logic adapted from [10].

L

There is one final aspect still missing from the cache. When the cache is initialized there might
still be data and tags in the cache which are not relevant anymore but the controller cannot
make this distinction without extra information. So besides the tag field another field is added
to each cache block in the form of a valid bit. This is just a single bit indicating if the data in
that block is valid, indicated by a '1’, or not valid, indicated by a '0’". This way the controller
can determine if the data in the cache block is the data it is looking for or just random data that
is still there from initialization. The logic added to the system can be seen in fig. Here
both the tag and the valid bit must be true for the data to be in cache.

An added benefit of this valid bit is that on initialization only the valid bits have to be set to
zero. All other memory space does not have to be cleared or set to a known value. It will just

32 bit Address Index Valid Tag Data
| 0
1
2% -1 6 T Index 2
> ToCPU
62
63

) 4
Ta
g ‘;@—b Hit

Figure 2.3.4: Mapping logic with valid bit adapted from [10].
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be overwritten to useful data when something is written to cache. The combination of this data
block, tag field and valid bit will be from hereon be referred to as a cacheline. The index of the
cache will not only point to a data block but to an entire cacheline.

2.3.2 Fully associative configuration

As mentioned in the previous section, such a basic direct mapped cache architecture can have
downsides. The lack of flexibility limits the cache performance in some instances. There are
other architecture designs which do have this flexibility. One example is a fully associative
cache. Here data can be stored in any cacheline instead of being mapped to a specific cacheline.
This allows for full cache utilization for any data set. However, just like the direct mapped
configuration, there are some downsides. First of all, to uniquely identify the data in cache
the entire address needs to be stored as tag since the index field is no longer taken from the
address. This also increases the logic required to check if the data is already in cache. The tag
of each cacheline has to be compared to the new address. Not only does this add logic it adds
complexity. Now the controller has to check every cacheline to locate data in cache. The logic
required for this can be seen in fig.

32 bit Address Index Valid Tag Data
2 A
Tag =
— j—|_.
O ) )

/

¥

Figure 2.3.5: Fully associative cache memory logic adapted from [10].

There is however another difficulty with fully associative caches. When the cache is full the
controller has to determine which data to overwrite with the new data. To determine the
overwriting of data a controller requires a replacement policy. The replacement policies will
be further elaborated upon in section [2.3.4 after the different cache configurations.

2.3.3 Set associative configuration

A direct mapped cache is simple, relatively cheap in terms of logic but not flexible. On the
other hand a fully associative cache is highly flexible but more complex and requires more
logic. There is another cache configuration type which combines best of both worlds and acts
as a middle ground between the two; a set associative cache. A set associative cache can be
seen as a direct mapped cache but instead of each index pointing to a single cacheline it points
to a set of cachelines. Within this set there are multiple cachelines where the controller can
store the data. Each cacheline in a set is called a way. If a set has 2" blocks, or ways, it is a
2"-way associative cache. In fig. the different configurations for a cache with 8 blocks are
shown. A larger set size results in a higher level of associativity within the cache. Note that
a 1-way associative cache is just a direct mapped cache and the 8-way associative is a fully
associative cache. The logic for a 2-way associative cache will look something like fig.
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1-Way associative 2-\Way associative 4-\Vay associative Fully associative
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Figure 2.3.6: Associative cache organizations adapted from [10].

2.3.4 Replacement policies

When a cache is full and the controller needs to write new data to the cache, it has to deter-
mine which data to replace. For a direct mapped configuration this is simple. Each address
is mapped to a single location in cache, so that location will be overwritten. For associative
configurations each address can be mapped to multiple locations in cache so it is not obvious
which data to overwrite. This is where replacement policies come in. There are different poli-
cies that, often on previous behavior, determine which location in cache will be overwritten.
Some different policies will be discussed in this section.

Bélady’s algorithm

The most efficient replacement policy would be the one that overwrites the data which is not
needed for the longest amount of time in the future [11]]. This is what the Bélady’s algorithm
proposes. However this would be a clairvoyant algorithm and in practice it is generally im-
possible to determine when data will be required again, making this not implementable in the
real world. Since this would be the best policy, if not theoretical, it is mentioned. However for
this research theoretical replacement policies like the Bélady’s algorithm are excluded.

Random

One of the simplest policies is to randomize the cacheline to be replaced. This policy requires,
unlike other policies, no information about the data currently stored in cache and is thus very
simple to implement. It does however result in non-deterministic behavior and possibly vary-
ing performance results.

First In First Out (FIFO)

FIFO is a very well known algorithm in many different applications. It replaces the entry that
is the longest in cache. To keep track of the different entry moments a simple queue can be
implemented to determine which line to replace. This algorithm only requires information
about the entry moment and disregards the usage when in cache. Alternatives on FIFO are,
Last In First Out (LIFO) and First In Last Out (FILO). Which both have the opposite behavior
of the FIFO replacement policy.

Least Frequently Used (LFU)

LFU not only keeps track of when data is written to cache, it also keeps track of when that data
is accessed again. A counter keeps track of the number of accesses for each of the different
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32 bit Address
26 - 8
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Valid Tag Data Index Valid Tag Data
]
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2
* L
62
63
// Tag /"
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Figure 2.3.7: 2-Way associative cache memory logic adapted from [10]

cachelines in a set. When new data is written to the cache it is stored in the cacheline with the
least number of usages at that moment.

Most Frequently Used (MFU)

MFU does the opposite of LFU. It also keeps track of the number of accesses for each cacheline
but replaces the line that has been accessed most often. Intuitively this seems less efficient
but like all replacement policies it is application dependent and there are cases where MFU is
efficient.

Least Recently Used (LRU)

Where LFU and MFU keep track of how often a cacheline is accessed, LRU keeps track of when
a cacheline is accessed. The least recently used cacheline in this case will be replaced. To keep
track of when each line is last accessed is quite expensive. An age bit indicates for each line the
order in which they are accessed. Every time a line is accessed the age bit of every line has to
be updated making it time expensive.

Most Recently Used (MRU)

Just like LRU, MRU keeps track of when a cacheline was accessed. Instead of replacing the
least recently used it replaces the most recently used cacheline. An MRU algorithm is generally
most useful where older items are more likely to be accessed, which for instance happens in
cyclic access patterns.

10
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Time aware policies

On almost all mentioned policies are some variants besides the mentioned general implemen-
tation, that can be beneficial for specific use cases. These variations will not be discussed.
However one group of replacement policies deserves a mention. Previous policies all deter-
mine replacements based on cache entry or accesses. There are however a lot of variations on
these policies that are also time or performance aware and dynamically change during opera-
tion. An example is LFU with dynamic aging (LFUDA) where the age is of an absolute nature
instead of aging relative to the other cachelines. Or an Adaptive Replacement Cache (ARC)
which can dynamically change behavior between LFU and LRU based on performance. For
this research the scope will be limited to the base replacement policies.

2.3.5 Performance metrics

For each application it can differ which aforementioned configuration and replacement policy
performs best. In order to objectively compare different parameters, performance metrics are
required. There are multiple metrics that can be used to compare different cache performance,
including but not limited to the following metrics.

Hit Ratio

The most commonly performance metric of caches is the hit ratio, or hit/miss ratio. Every time
a controller checks the cache to locate data there are two options. Either it is in cache, in which
case it results in a cache hit, or it is not, resulting in a cache miss. When a cache returns a miss
this means that the processor must retrieve the data from the main memory being slower. In
order to exclude the total number of calls to the cache memory for this performance indicator,
the ratio between hits and misses is taken. The higher the hit/miss ratio, the less amount of
data transfers from the main memory are required, the better performing the cache.

Timing

The costs of a cache hit or miss will differ for different devices. So as the hit/miss ratio is a
good general performance indicator for different configurations it does not take into account
the device specific properties. For some devices the cost, in time, for a cache miss can be
more severe, making extra overhead for more complex algorithms negligible. To incorporate
these device specific properties one must look at the Average Access Time (AAT) it takes for a

processor to access memory. This is also referred to as Average Memory Access Time (AMAT).
This metric results in a real world performance indicator for a specific device.

The time it takes to access data is the time for a cache access and the time required to access
data from main memory for a cache miss. With the access latency, the miss rate and the miss
penalty known, the AAT can be calculated with the following formula:

AAT =T+ MR - MP

Where T is the latency to access the cache, MR is the miss rate of the cache and MP is the extra
time required to access lower lying memory. In many CPUs a cache has multiple levels, L1 to
L3. In that case the formula becomes:

AAT = T + MRy - MPp

Where MP;; describes the extra time required to check the next level of the cache and can once
again be described as:

11
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This formula can recursively be expanded to all the further levels within the memory hierarchy
of a design to get the final AAT or AMAT [12].

Costs

Other comparison metrics are the costs. These costs can be defined in multiple ways; the
amount of logic required, the complexity of the design or the amount of physical space. For
this research these metrics are not the main comparison metrics and are therefore not further
elaborated upon.

2.4 Tree-based algorithms

Examples of data-intensive algorithms that possibly suffer from a memory bottleneck are tree-
based algorithms. Tree structures can become extensive and the computational complexity for
tree-based algorithms often increase exponentially with the size of the tree, making hardware
accelerating an effective approach. Considering the nature of some tree-based algorithms, the
amount of data transfers possibly can be reduced by exploiting data relations captured in the
tree structure to cache data. This is due to locality of data, not only temporal but also spatial.
Tree-based algorithmic steps can be applied locally on subtrees without requiring the rest of the
tree structure. In this case the entire subtree or part of it can be cached to anticipate next data
needs exploiting the spatial locality of data in the tree structure. Similarly, the intermediate
results of a leaf or subtree are often used in the next computation due to the child parent
relation often present in tree structures. By caching intermediate data the temporal locality
of data can be exploited. Examples of applications that can benefit from a locality utilizing
accelerator structure can be found in the literature review in chapter 4
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Chapter 3

Research Method

In this chapter the objectives for this research are discussed as well as different possible re-
search models that can be used with a discussion for the most suitable model.

3.1 Objectives

The purpose of this study is to reduce the effect of the memory bottleneck when using acceler-
ator cards with dedicated memory for memory-bound tree-based algorithms. It will evaluate
the performance of standard caching algorithms in combination with accelerator cards by com-
paring the number of data movements and computational times with and without caching. It
will target tree-based algorithms that operate on subtrees by exploiting the spatial and tem-
poral locality relations of data within the tree structures. The effectiveness of caching will
be evaluated for the phylogenetic likelihood function. The tree structure employed in this
application shows promising characteristics to benefit from caching. More details about the
application and the selection can be found in the case selection section in section [4.3]

To summarize this research problem and the aims of this research the research question can be
defined as:

How effective can caching be in alleviating the memory bottleneck when using an accelerator card for
data-driven memory-bound tree-based algorithms?

To support the main research question some subquestions are defined.
¢ Can standard caching techniques be used for tree-based algorithms?

* What is the effect of caching on data movement and accelerator performance for the
phylogenetic maximum likelihood function?

* What cache characteristics enable tree-based algorithms to benefit from caching when
accelerator cards are deployed?

3.2 Research Model

The objectives give a clear goal for this research; Designing a software cache for a hardware
accelerator. As the goal implies, this is a design problem making this research a design research
opposed to a explanatory research. In a design research the goal is to create an artefact, a
solution, with the aim of improving a problem context [13]. In order to make sure that this
research is not only practically useful but still scientifically grounded, a research model for
design research is used. Multiple models exists with the aim of ensuring this scientific solidity
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and practical relevance. Some of these models are discussed and the one best suited for this
research is chosen.

In 2004 a theoretical framework aimed at design-science research within Information Systems
(IS) was described by Hevner et al.[14]. This framework guides researchers on how to prop-
erly conduct, evaluate and communicate science research. It is a process of cycling through
development and evaluation where every step must be grounded with relevant literature and
also tested in the environment of final use. The Hevner framework is a strict framework and
does not allow for different starting points but only from a problem-centered point.

A methodology that does support multiple starting points besides the problem-centered ob-
jective is the Design Science Research Method (DSRM) developed by Peffers [15]. The process
model for DSRM can be seen in fig. and clearly shows multiple research entry points in-
stead of just the problem-centered initiation. It provides a less strict but still iterative process
for conduction design research in a suggestive manner. Guiding research from the initial prob-
lem identification phase through design and development activities to an artefact evaluation.
The need to provide the link between theory and the resulting artefact is not as strict but it is
encouraged to ground design decisions with relevant literature knowledge. With this "relax-
ation" of rules the aim of DSRM is to make it easier for a researcher to develop artefacts while
holding on to the well-accepted elements from other design research methods.

Process Iteration
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Figure 3.2.1: Process model as described by Peffer[15]

One major aspect that is missed in most design research methodologies according to Sein et
al. is that they “fail to recognize that the [artefact] emerges from interaction with the organi-
zational context even when its initial design is guided by the researchers” intent” [16]. A lot
of Information Systems are designed in collaboration with, or commissioned by, organizations
and require the researchers to cooperate with industry partners. These industry partners often
favor pragmatism above the scientific relevance and rigor. In there paper Sein et al. proposed
an Action Design Research (ADR) methodology, taking aspects from the Action Research (AR)
methodology and DR. This combinations allows for a more iteratively artefact building pro-
cess, with organizational intervention and evaluation, making it a suitable methodology for
industry driven research.

In order to pick the most suitable methodology for this research the main factor is the initiation
point of this research. The initiation point is not problem-centered nor is it objective-centered
but rather a design and development centered initiation. The memory bottleneck is already
identified as the cause of a problem and the idea of creating a caching solution was the trigger
of this research. Meaning the problem-, and objective-centered phases are already passed and
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this research is initiated in the design and development phase. Excluding Hevners methodol-
ogy, which does not allow starting points other than the problem. Resulting in two remaining
options, DSRM and ADR.

Even though the problem is identified in the industry this research itself is not conducted in
cooperation or commissioned by an industry partner. This results in no need for extra inter-
vention and evaluation. With that in mind DSRM is chosen as the research methodology.

The next step before starting the design phase is a literature review. The different aspects of
the artefact implementation are explained and previous work is discussed. This is the starting
point from where the artefact is designed and validated. Multiple validation cycles will ensure
the functionality and the performance of the implementation.
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Chapter 4

Literature review

This chapter outlines some of the relevant research done on the subject. First the use of hi-
erarchical memory systems, as caching, are discussed. Secondly the potential for tree-based
algorithms is shown. Lastly possible tree-based algorithms for this research are discussed.

4.1 Hardware accelerator

The potential platforms that could benefit from caching are included but not limited to the
mentioned accelerator cards. The scope of this research will not include other hardware accel-
erator platforms.

4.2 Hierarchical memory applications

When thinking about the memory bottleneck, two obvious possible solutions spring to mind,
increasing the transfer speed or decreasing the number of data transfers required. Assuming
that applications already utilize the full bandwidth, it is very challenging to increase transfer
rates without changing the hardware. Reducing the number of data transfers can be a so-
lution but is highly dependent on the type of application. Efforts have been made in other
scientific fields to reduce the number of data transfers for applications. For Deep Neural Net-
works (DNN) for instance multiple researches have come across a memory bottleneck in DNN
research [17], [18]], [19]. To reduce this effect a hierarchical memory management design is
created. This memory management design is based on the different layers in DNN and shows
promising results in reducing the number of data transfers [19]. So clearly a hierarchical mem-
ory can improve performance in data-intensive algorithms and is worth investigating.

4.3 Potential tree-based algorithms

In data-intensive tree-based algorithms the memory consumption and efficiency can be the
limiting of hardware acceleration performance [2]. An example of this is the machine learning
approach for phylogeny acceleration on FPGA [20]. Utilizing the availability of accelerator
cards with a PCle interface does improve the performance but is still limited by the data trans-
fers speed between host and accelerator memories [21]. The hierarchical memory management
designs, such as caching are not yet tested in a generic approach for data-intensive tree-based
algorithms but the effectiveness on other applications show promising results.

Not all tree-based algorithms will benefit from caching. Based on multiple criteria tree-based
algorithms are reviewed, the final results will validate if the set criteria were correctly chosen.
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Since this research will try to reduce the memory bottleneck when using an accelerator card the
applications first of all need to be computational intensive and have parallelization potential.
These are properties to always look for when justifying the use of an accelerator card.

The other main criteria are derived from the aim to exploit the locality of data within tree
structures, justifying the use of caching. For the temporal locality this results in finding algo-
rithms with consecutive computations from child to parent node or vice versa. This allows for
intermediate values to be cached. For the spatial aspect of locality tree-based algorithm that
can perform computations on subtrees or branches locally without requiring information from
the rest of the tree are reviewed. This way entire subtrees can be cached beforehand. With the
criteria set, applications can be reviewed to be used in the rest of this research.

In the following sections three possible applications are elaborated upon as to how that algo-
rithm works and why it shows potential for caching.

4.3.1 Phylogenetic maximum likelihood function

A phylogenetic tree is diagram to show evolutionary relations between different species based
on genetic characteristics. It is an unbalanced binary tree structure where each leaf represents
a different species. The purpose of the phylogenetic maximum likelihood function is finding
the tree structure that fits the different genetic characteristics. However this becomes a com-
putationally expensive task quickly when adding more species, for just 10 species there are
more than 2 million different topologies [22]. In short, the maximum likelihood function de-
termines the likelihood of any given tree with a summation of the probabilities of the changes
in nucleotides from node to node.

In 1981 Joseph Felsenstein published a pruning and regrafting approach on the phylogenetic
maximum likelihood function [22]. In this research he stated that the probability on a given
tree with a given set of data can be computed node by node. At the end of the computation the
product of the probabilities can be taken across sites to find the likelihood of that tree. This way
transformations in a tree can be made and locally computed. The transformations proposed
were subtree pruning and regrafting. Relocating entire subtrees in the complete tree structure.

With this node to node attribute, the algorithm can compute the likelihood of a subtree without
requiring the rest of the tree structure. This together with the recursiveness of the algorithm
creating a relation within tree between child and parent nodes, creates a locality between the
data that potentially could be exploited with caching.

4.3.2 Polymer simulation

A polymer is a generalized term for a string consisting out of many monomers that contain
many properties based on the structure and form. A good example are protein. The structure
of the protein contains information about the energy and computations with protein, protein
folding, are part of medical research. Protein folding is a challenging objective in biochemi-
cally research. Although physical principles are known, the complexity of protein makes an
accurate analysis by modeling the folding process extremely difficult [23].

Recent study shows that polymer strings can be described with a balanced binary tree struc-
ture where the leaves represent the monomers and the connecting nodes represent the physical
transformation between two child nodes or leaves. With this approach energy levels in poly-
mers can be described on monomer level and via the nodes can be summed to a total energy
level for that polymer at the root [24].

This results in an algorithm that computes the total energy based on the design of a tree similar
to the phylogenetic maximum likelihood function. The relational data between parent and
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child nodes creates an opportunity for caching.

4.3.3 Gradient boosted decision trees

Decision trees are often used in decision analysis, identifying a most likely strategy to reach
a certain goal, it is however also a popular as a machine learning tool. Gradient Boosted
Decision Tree (GBDT) is an ensemble algorithm of decision trees in which the trees are trained
in sequence. For each iteration, a new decision tree is learned by fitting the residual (also
known as negative gradient). In other words, GBDT trains decision trees in an incremental
way: at tree n fitting the residual value of tree n — 1 [25]].

After training, during inference, the data is passed through all decision trees, each is multiplied
by a set factor and finally combined to a single decision. The main cost of GBDT models lies in
the tree learning stage [26].

GBDT models have been accelerator with hardware accelerator cards. Here the overhead com-
munication of transferring the data to and from the accelerator proved to be high and reducing
the performance of the accelerator [26].

The dependency of a tree on the preceding trees residual value during the training process
creates relational data that could be cached between each tree.

4.4 Literature review conclusion

From the literature review some conclusions can be drawn. Firstly that a hierarchical memory
management systems has proved to increase performance in memory-bottlenecked systems.
Secondly the fact that there are tree-based algorithms that show this bottleneck but also the
potential for exploiting locality of data. This makes the implementation of cache a potential
improvement for tree-based algorithms. In the design a higher memory level is created in the
form of a software cache. Its performance will be tested against the phylogenetic maximum
likelihood algorithm.
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Chapter 5

Research Design

In this chapter the design of the software cache is described. First the different general design
principles are discussed in section After that the development platform and architecture
are described in section Next the actual implementation, its challenges and solutions and
code design are described in section Lastly the interface is elaborated upon in section 5.5

5.1 Cache architecture

In section the standard architectures for caches are described. For this implementation
the architecture slightly differs. The cache controller and cache memory are separated. The
host processor is the master for all communications in this system, it initiates all data transfers
both to and from the accelerator card. For that reason the cache control will run on the host
processor. The actual data however needs to be stored on the accelerator memory and is thus
separated from the rest of the cache controller. This separation in cache can be seen in fig.
The host processor keeps track of the different entries in the cache memory and now has an
additional field containing a pointer pointing to the location of the data in the cache within the
accelerator card’s memory space. In fig. a block diagram of the new system is shown. It
is similar to the original block diagram shown in fig.[1.1.]lhowever the memory space on the
accelerator card holds the cache memory and the host processor is running the cache control
process.

Host Processor Accelerator card
Index Valid Tag Data pointer__|__| Data
0 —~ -‘-H‘HH“‘.E
1
2

Figure 5.1.1: Cache separation

Hast | Computing device
_ .| Accelerator Card
Ms:ﬂs; Processor Process
v Cache Cache
controller Memary Memory

Figure 5.1.2: Block diagram of the architecture for host and accelerator with caching.
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5.2 Generic Application

The goal of this research is to design a software cache for accelerator cards to increase perfor-
mance for tree-based algorithms by reducing data movement. This is a generic goal. There are
multiple devices that class under the name accelerator card. The same is true for tree-based
algorithms. In order to design a software cache to accommodate the different platforms and
algorithms it has to be generic. The design choices made to achieve a generic implementa-
tion for different platforms is explained in section where the development platform and
architecture are discussed.

To make sure the design supports different algorithms there must be some level of control
for the user. Like mentioned in section there are multiple different configurations and
replacement policies that define the functionality of a cache. For each application it will differ
which combination of cache configuration and replacement policy will perform best. So the
design must include multiple configurations and replacement policies and allow the developer
to choose. The design must also allow the user to define a block size for the data to be stored.
For tree-based algorithms the most likely block size will be the data size for an individual node.
Since this caching method is aimed at data-intensive algorithms this most likely will result in
large block sizes in the order of megabytes or even gigabytes. The block size is set by the user
and does not have to be the size of a node.

Depending on the different platforms used the amount of on board memory will differ. So the
design must accommodate different sizes. The way that is done is by defining the number of
cachelines the cache will have. For indexing purposes discussed in section 2.3.1|the number of
cachelines is limited to powers of two.

By doing so the host addresses can directly be mapped to certain cachelines without adding
a complex controller that increases the cache control time. This does have some downsides.
In a worst case scenario this allows up to 50% of memory space on the accelerator card being
unusable. When a accelerator for example has enough space for 127 cachelines. This would
mean that the maximum number of bits that map to a cacheline would be 6, resulting in 64
cachelines. When 7 bits are used there are 128 indices and one of them is not pointing to a
cacheline. In this example only 64 of 127 possible cachelines can be used. For larger cachesize
this unused memory space can grow up to 50%. Since in the expected use cases the num-
ber of cachelines will be small the simpler, faster, controller is chosen over the more complex
controller, resulting in the limitation in number of cachelines.

The last setting a user can control is the tag size. In section the tag is defined as the
address in main memory minus the number of bits used for mapping to the cache index. In
almost all cases this will suffice. If the data for an algorithm is stored in a small portion of
the main memory less bits can suffice in uniquely identifying each data entry. In that case
the user can pick a smaller tag size in order to save memory space. In practice the memory
space required for the tag is an order of magnitude smaller than the block size and won’t make
much difference overall but it ensures that only the necessary amount of memory is allocated.
In table[5.2.1]is an overview list of all settings that can be set by the user.

5.3 Development platform and architecture

During the design process not all different accelerator platforms discussed in section [2.1| are
used for verification. A platform and the design tools are selected and discussed below.

20



CHAPTER 5. RESEARCH DESIGN

Table 5.2.1: Different settings for the cache available to the user.

Setting Value

Cache configuration {Direct mapped, 2-Way associative, 4-Way associative, Fully associative}
Replacement policy  {Random, FIFO, LRU, MRU, LFU, MFU}

Block size Number of bytes
Cache size Number of cachelines
Tag size Number of bits

5.3.1 OpenCL

The cache must support multiple accelerator cards. There already exist many implementa-
tions of cross platform applications. With Open Computing Language (OpenCL) develop-
ment times are significantly reduced compared to traditional low level languages resulting in
wide spread use of OpenCL [27]. OpenCL is a framework for writing code that is executed on
multiple platforms. It is supported by CPUs, GPUs, FPGAs and other hardware accelerators,
making it an ideal tool for this application. The code for the cache will include OpenCL to
control the cross platform communication. This way it can be implemented on any OpenCL
supported device.

Not only will the code include OpenCL code, the goal is to also create an OpenCL like interface
for the caching software. This way it is understandable and implementable for other users
without having the understanding of the entire code.

5.3.2 Test platform

By including the OpenCL it is not necessary to develop for each platform individually and a
single platform can be used for development. In this case the design will first be implemented
for an FPGA based accelerator card. More specifically the Alveo card family by Xilinx [28].
The Alveo cards offer Gen3x16 PCle interfacing and on board memory space. Besides the
hardware Xilinx also offers development tools such as Vitis to use Alveo cards with a High
Level Synthesis (HLS) approach [29] to create cross platform software. With Vitis there is no
need to code the behavior for the FPGA in a Hardware Description Language (HDL) but code
can be developed on a higher abstraction level. This way the code is much more readable
for others and easier to make changes during development. Vitis supports both regular C
language as well as C++. For the design C is chosen as it is the more basic language and the
extra functionality added by C++ is not directly needed. The Vitis tool will create HDL code
based on the C code provided in both VHDL and Verilog form.

A final added benefit of targeting the Alveo cards by Xilinx is that they are available to be used
through the Amazon web services (AWS). AWS offers the possibility to rent computing power
on servers from Amazon. AWS uses a derivative of the Alveo platform, that is also supported
by the Xilinx tools, making it possible to test the implementation on the AWS server without
having to invest in a expensive card.

5.3.3 Development

During the first stage of development the accelerator card is not included. Since the code is
written in C the behavior can be tested on a regular CPU without having to convert it to HDL.
This is how the code is tested during development. A separate memory space on the main
memory is allocated to mimic the external memory on the accelerator card. This way all the
different functionalities of the caching software can be verified on a single system.
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Since the code is written in plain C code, the verification of the code can also be written in C,
making it simple to do. During development testbenches are written in C for each function
within the code. With the help of makefiles and shell scripts these tests can easily be deployed
making it a very user-friendly method of developing.

After all functionality of the cache has been verified and evaluated in C, the transition to a
cross platform implementation is made. At that stage the OpenCL support is added and the
Vitis tools are introduced to create HDL for the accelerator card.

5.4 Implementation

During the implementation of the design some more choices had to be made. The different
approaches and final implementation strategies are elaborated upon in this section.

5.4.1 Memory allocation

For the cache controller memory needs to be allocated on both the host processor and accel-
erator card. This memory space accommodates the data but also stores the cache controller
information and other required information. Different memory allocation types were consid-
ered during the design process which are discussed here.

Offsets

The initial design for the cache was a monolithic memory allocation encapsulating the entirety
of the cache. This approach is similar to how a hardware cache is designed. The idea was
to use offsets within this memory space to identify different cachelines or fields within this
memory space. In fig. the structure of this approach can be seen.
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Figure 5.4.1: Offsets used in a monolithic memory allocation

Here the Cache offset points to the start of the memory block in the host memory, which in
this case is 0x00. Since the cacheline starts with the valid bit no Valid offset is required but
for completeness it is included in the figure. With these constant offsets the different parts of
the cache can be identified with some simple formulas. The formulas for the tag and the data

for instance can be seen in eq. (5.4.1) and eq. (5.4.2) respectively.
tag = Cache offset + (index * Line offset) + Tag offset (5.4.1)
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data = Cache offset + (index * Line offset) + Data offset (54.2)

By having just a single large memory allocation it is easy to free up again preventing possible
memory leaks. With only the pointer to the cache the entire memory space can be freed. There
are however downsides to this approach. The first of these downsides being the readability
and adaptability. Adjustments to the code can be made by altering the offsets but this is not an
intuitive approach. It does not support having multiple different caches since the offsets are
fixed. All different caches will have the same design and functionality. The largest downside
however is the lack of flexibility for the allocation. A monolithic memory allocation requires a
large block of memory available. This is not efficient since it leaves no room for the processor
to dynamically allocate different, smaller, memory spaces to optimize memory usage.

An even bigger concern for the final design part of the memory, the data, does not have to
be allocated on the host memory but only on the accelerator card. This would mean that the
offsets have to be across different memory spaces making it very tricky and prone to mistakes if
possible at all. So the monolithic memory allocation with offsets is not suitable for this design.

Structs

Another approach is the use of custom structs. This allows for much more flexibility during
the design and readability for any user. With these structs an object oriented approach can
be mimicked and parts of the cache can easily be accessed and adapted. The main benefit
is the separate memory allocations for different parts of the cache. This allows the processor
to dynamically allocate smaller chunks of memory and also allows easier separation across
different platforms. To achieve this flexibility some custom types and structs are defined which
can be seen below.

Two enumeration types are defined to support the different configurations and replacement
policies. These enumerations are not only for readability but also make sure that the user
provides a configuration and replacement policy that is supported by the code.

typedef enum CacheConfiguration_t {
direct_mapped,
two_way,
four_way,
fully _associative
} config

typedef enum ReplacementPolicy_t {
random_RP,
fifo_RP,
Iru_RP,
mru_RP,
Ifu_RP,
mfu_RP
} policy

With these types defined, the structs can be defined as well. First a struct for an individual
cacheline. This struct contains the valid bit, tag, data and some metadata if required. An
example of this metadata is the number of usages of that specific cacheline for the replacement
policy. Entries in the struct can simply be accessed as follows

valid=CachelLine_t.valid
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The CacheLine_t struct can be seen below. The deviceData is of type c1_mem which is a pointer
to the data stored on the accelerator defined within OpenCL.

typedef struct CachelLine_t |
bool wvalid;
void+ tag;
cl_mem deviceData;
struct MetaData_t* metaData;
} CacheLine_t

The main struct for the cache can now be defined. First this struct contains all the parameters
of the cache given by the user. The second variable in this struct is a double pointer of type
CacheLine_t. This double pointer is used to create a two-dimensional array of cachelines. This
way a distinction between sets can be made. By dereferencing the first pointer the location of
a set in memory can be identified, by then dereferencing the second pointer the location of a
specific cacheline within that set can be found. An example on how to access variables in a
cacheline with this type: valid=Cache_t.cachelines[Set] [Way].valid

For a direct mapped or fully associative implementation the array is limited to just one dimen-
sion and either the Set is fixed to zero or the Way is fixed to zero. Part of the Cache_t struct can
be seen below. The actual implemented struct contains more variables than are depicted here
but for these are the basic variables required for the working principle of the cache. It is very
simple to just add variables to one of the structs making the development process easier than
it would have been with the monolithic memory allocation.

typedef struct Cache_t {

int tagSize;

int dataSize;

int numberOfLinesPerSet;

int numberOfSets;

enum CacheConfiguration_t config;

CacheLline_tx** cacheline;

enum ReplacementPolicy_t policy;
} Cache_t

The use of structs does have some downsides. Since every variable in the structs has a separate
memory allocation a custom free function has to be made. In section 5.5/ more details about
this custom function are given. The positives outweigh the negatives for structs so the final
design uses these custom structs.

5.4.2 Indexing

In section [2.3.1| the indexing method is explained. For a cache with 2" cachelines the last # bits
of the memory address on the host memory is used to index the cache memory. To achieve this
functionality a bitmask is created based on the number of cachelines. First the number of bits
for the index, the indexSize needs to be determined. For a direct mapped cache this is done
by taking the log, (numberO fCacheLines). Base two logarithm is not supported directly in C
so to determine the indexSize eq. is used.

log,,(numberOfCacheLines)

5.4.3
log, (2) ( )

indexSize =
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Now the number of bits is known a mask is created to use in the code. With the eq. the
bitmask is determined in decimal form. The binary format of that number will be a string of
ones the length of indexSize. This bitmask is applied with a bitwise AND operator to extract
the index from the main memory address. The bitmask is stored as integer in the Cache_t
struct. This way the processor does not have to compute the same value every time the cache
is called.

indexBitMask = 2/dexSize _ 1 (5.4.4)

In section a possible problem with this direct mapping method is already explained.
When the block size in main memory and in cache memory are not the same size part of the
cache memory space will never be used. This is actually very likely of happening. An example;
When in main memory the data for each node requires 4 bytes, that data will be stored in a
single cacheline with 4 bytes of memory for the data. In fig.[5.4.2] this effect can be clearly seen,
just one of the cachelines in this case is usable.

Main memory

oofoo]

00 01
00 10
0011 Cache

01oo] 00
01 01 01
0110 10
01 11 11

10[00]

10M

Figure 5.4.2: Direct cache indexing for a data size of 4 bytes.

To prevent this from happening a clever trick is introduced. The reason that this happens is
that for an alternating data pattern the last bits of the memory address will not change. To
regain full mapping potential the bitmask will be shifted to the part of the address that does
change. Since the cache only supports a constant data size this trick can be applied. Going
back to the example of 4 bytes of data per node, the bitmask will be shifted two bits to the left
and the entirety of the cache is usable again as can be seen in fig.

Main memory

[ 00]oo

0o o1
0010
001 Cache

[01]oo — 00
0101 01

01 10 10
0111 / 11
[10]oo

1m0m

Figure 5.4.3: Direct cache indexing for a data size of 4 bytes with a shifted bitmask.
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To find the number of bits that do not change at the LSB side of the memory address the loop
in listing [5.1]is implemented:

Listing 5.1: Loop to find the number of bits to shift

1 for (addressBitShift = 0; addressBitShift < dataSize;
addressBitShift++) {

2 if ((dataSize % (int)pow(2, addressBitShift + 1)) != 0)
3 break;
4 }

The resulting value for addressBitShift is the amount of bits that the bitmask needs to be
shifted over the memory address and is just like the bitmask stored as integer value in the
Cache_t struct. The complete process of extracting the index from a memory address is put in
a function that returns an index in integer form. That function is shown below.

1 int GetIndex(int indexBitMask, int addressBitShift, void=
hostAddress) {
2 return (int) (((intptr_t)hostAddress >> addressBitShift) &

indexBitMask) ;
3 }

5.5 Interface

As mentioned in section[5.3.1] the idea is to create a set of functions that adhere to the OpenCL
naming convention to make implementation for users as simple as possible. This cannot be
achieved for all functions since some have no counterpart in OpenCL such as the CreateCache
and FreeCache functions. Since the code for the software cache is written in C the OpenCL C
syntax is used. Below are the different interface functions listed and explained. The code does
contain more functions than listed but those functions are not part of the API and for internal
use only.

The use of the interface in a real application can be seen in section[7.5 Here code with cache is
compared to a regular OpenCL use.

CreateCache

The first function is an initialization function. This creates a cache controller. The code is writ-
ten in C so there are no objects but the behavior of this function would be the same as creating
an instance of a class in object oriented programming languages. This function allocates mem-
ory space based on the arguments given and returns a pointer of type Cache_t as defined in
the header file, pointing to that specific memory space. The allocation happens on both the
accelerator card, for the actual data, as well as on the host memory for all the other data. The
pointer returned by this function must be used as argument for the other functions for the
controller to locate the allocated memory space. The benefit of this approach is that multiple
instances of caches can exist and function at the same time. Each being uniquely identified by
a pointer of type Cache_t. Simply provide the correct pointer as an argument in the function
call.

For the initialization the function parameters are required. In section [5.2] the different param-
eters that are supported by this cache to maintain the generic design are listed. All those
parameters are required as arguments at initialization. At initialization the code prints the
information back to the terminal so the user can see the total amount of allocated memory
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space, including the overhead memory space, as well as the amount of memory allocated for
the actual data.

Just like an object oriented programming language with an initialization of a object also the
destruction at the end of use is important. The CreateCache function should always be used
in combination with the FreeCache function that is mentioned below.

struct Cache_t* CreateCache(
int numberOfCacheLines,
int dataSize,
int tagSize,
enum CacheConfiguration_t config,
enum ReplacementPolicy_t policy)

FreeCache

As mentioned in the section above the FreeCache function must always be used when creating
a cache. In the initialization function memory space is allocated for the different fields of the
cache. That allocated memory space must be freed up again in to prevent a memory leak. The
regular free function defined in C is not enough in this case. Since the memory allocation
in the CreateCache function is a recursive allocation process, that allocates separate memory
blocks based on the provided arguments there is no direct way to keep track of each allocation.
To do this the FreeCache function is provided. Simply provide the Cache_t pointer as an
argument and every individual allocated memory block will be freed.

1 void FreeCache(
2 struct Cache_t* cachePtr)
clCreateCacheBuffer

When using OpenCL the c1CreateBuffer function is used to point data from the host mem-
ory to a cl_mem object on the accelerator memory. In order to use the software cache the
clCreateCacheBuffer can be used in a very similar fashion. This function first checks if the
data is already in the cache memory and if so returns the c1_mem object pointing to that loca-
tion. If the data is not in cache it will find a space and transfer the data over before returning a
cl_mem object pointing to the new location of the data. The returned c1_mem object can be set
as a kernel argument before starting the kernel.

This function sets all the attributes of the cacheline, such as the tag and valid bit but also up-
dates the accessed order for the replacement policies. Below the c1CreateCacheBuffer func-
tion can be seen. The only addition in syntax with respect to the regular OpenCL c1CreateBuffer
function is the addition of the pointer to the cache.

1 cl_mem clCreateCacheBuffer (
cl_context context,
cl_mem_flags flags,
size_t size,

void +host_ptr,

cl_int =errcode_ret,
struct Cache_t* cachePtr)

NO Gl WiN

Depending on the flags given as argument the function can slightly change. By default, the
flags CL_MEM_READ_WRITE and CL_MEM_COPY_HOST_PTR are given as arguments for this func-
tion. This tells the cache that the data is only to be transferred when not in cache already.
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There are however instances when an entry is already in cache but the data is outdated and
needs to be overwritten and thus transferred to cache. To do this the CL._MEM_COPY_HOST_PTR
flag must be left out. This way data is always written to the cache. This is also required for the
output data.

clEnqueueReadCacheBuffer

The last functions is used to retrieve data from the cache back to the host memory. This func-
tion is an adaption on the c1EnqueueReadBuffer from OpenCL. The difference however is that
no cl_mem object is given as argument since the cache determines where the data to be read
back is stored. When a cache entry is requested while not in cache the function will return 1
and no data is retrieved from the accelerator.

The main benefit of this function opposed to its OpenCL counterpart is the option to retrieve
any data in the cache memory. With c1EnqueueReadBuffer only the most recent calculated
data can be retrieved from the accelerator memory. With this function any data in cache can be
retrieved by simply providing the pointer to the data on the host memory.

int clEnqueueReadCacheBuffer (
cl_command_queue command_queue,
cl_bool blocking_read,
size_t offset,
size_t size,
void *host_ptr,
cl_uint num_events_in_wait_list,
const cl_event xevent_wait_list,
cl_event =event,
struct Cache_t* cachePtr)

5.5.1 Supported configurations and replacement policies

In section [2.3| different architectures for caches are described. Based on the configuration and
the replacement policy the functionality of the cache differs. To keep this research feasible not
every possible architecture is implemented.

Configurations

Three different types are described in the background, direct mapped, set associative and fully
associative caches. All three different configurations are implemented in the code. The Set
associative configuration however is limited to 2-Way set associative and 4-Way set associative.
Others can be added in future versions with relative ease. But for the goal of this research the
2,- and 4-Way set associative caches provided enough functionality for comparison with the
direct mapped and fully associative cache for the reason that in the practical implementation
cache size most likely will be very small, no larger than 8 or 16 lines. An overview list of the
different supported configurations is seen below.

¢ Direct mapped
¢ 2-Way set associative

¢ 4-Way set associative

Fully associative
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Replacement policies

As mentioned in section the policies implemented in this research is limited to the base
policies, so no variations or combinations of policies. The goal of this research is to evaluate
if the memory bottleneck can be reduced with a software cache, resulting more in a proof
of concept design instead of a highly optimized implementation. The current implemented
replacement policies are:

e Random
FIFO

e LFU

e MFU

e LRU

e MRU

For future research other, more complex, policies can be added to possibly improve perfor-
mance further.
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Chapter 6

Evaluation method

In this chapter the evaluation method for the software cache is described. For the evaluation
the general cache performance metrics described in section[2.3.5 will be used as well as appli-
cation specific metrics. The design is intended to be generic but the tests will be performed on
one real-world scientific application as a proof of concept. First the different tools that are used
for the testing are described in section Next the different tests and their respective goals
are described. And finally some notes on the reliability of these tests are given.

6.1 Use case

As mentioned before the effectiveness of a cache and the different configurations is highly
dependent on the application. To evaluate the performance of the software cache more realis-
tically a real world tree-based algorithm application is used. In the section [4.4]the Phylogenetic
Likelihood Function (PLF) [22] is chosen for this evaluation phase.

6.1.1 Phylogenetic likelihood function

This algorithm uses matrix multiplications in order to determine the likelihood of a part of a
tree structure. It uses double precision values for each of the alignment patterns within a given
DNA sequence. Each DNA sequence can easily contain more than 100.000 alignment patterns
with 16 double precision values per pattern making it data intensive.

6.1.2 Input

External tools are used to create input data for the testing of PLFE. The different tools and how
these are used are described below.

Sequence generation

Two tools are used to create simulated sequence data, ms and seq-gen. ms is a tool that can
generate a sample of a neutral model [30]. Next the seq-gen tool can create multiple DNA
sequences based on that generated sample and some given parameters [31].

For this research the exact type of phylogenetic data is not of concern so simple data is gener-
ated with the following commands.

1 ms X 1 -T | tail +4 | grep -v // >treefile_name
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Where X is the number of different sequences, in other words nodes in the tree, -T specifies the
output type, tail +4 and grep -v remove comments and other information from the output
file and finally >treefile_name represents the output file. X in this case is variable and will
change for different tests. Next is the sequence creation with the seq-gen tool.

1 seq-gen -mHKY -1 1000 -s .2 <treefile_name >seqfile_name.ph

Here -mHKY specifies the used model, -1 1000 is the number of alignment sites for the se-
quences, -s .2 sets the variation 6 to .2 per base pair and then the names of the in- and output
files are set.

6.1.3 RAxML

There is a tool created called RAXML [32]], which stands for Randomized Axelerated Maximum
Likelihood. This tool, determines the likelihood of different phylogenetic trees for a given
phylogenetic data sets, just like created in the previous section. This tool will be used as a base
for testing the cache software.

To run RAXML is quite computationally intensive so to speed up testing the tool is only used
once and during that execution the memory access trace is extracted. With this trace many tests
can be executed without being limited by long execution times. The code has a continuous loop
in which it provides three memory addresses. The first two addresses point to the data of the
child nodes. The third address point to the data from the parent node, here the result of the
calculation will be stored.

The access pattern is stored in a tracefile. A small example part of a trace can be seen in
listing[6.1} Here the first two addresses of each line are pointers to the child nodes and the last
address is a pointer where the result must be stored. The width given at the top represents the
length of the genomic sequences to be processed.

Listing 6.1: The beginning of a memory trace

1 width 156

2 0x2039d94 0x2039e30 0x21£4940 tt
3 0x203a0a0 0x203al3c 0x21£9750 tt
4 0x203a004 0x21f9750 0x21fe560 ti
5 0x2039f68 0x21fe560 0x2203370 ii
6

As can be seen each line also contains two letters, which can be a t or an i. This letter indicates
if the respective childnode is a tip node or an inner node in the tree. This information will be
used later on.

The RAXML tool is called with the following parameters:

2 raxmlHPC -m GTRGAMMA -s seqfile_name.phy -n T1

Here -m GTRGAMMA sets the computation model used, -s seqfile_name.phy defines the input
file and -n T1 defines the output file. the output files however are of no concern since the only
interesting result at this stage is the tracefile that is generated.

6.2 Experimental setup

In this section the different tests that are used to compare the influences of the cache charac-
teristics are described. First some generic design choices that apply to all tests are described in

31



CHAPTER 6. EVALUATION METHOD

section Next the different tests and their goal are described. Finally, in section some
notes are given on the reliability of the tests and how they relate to a real world application.

6.2.1 General test design and constraints

Multiple different tests for the PLF will be executed. All will have some similarities based on
the way PLF works. Those similarities result in test design choices stretching across all tests
that are explained here.

Node differentiation

In a phylogenetic tree the leaf nodes, from here on called tip nodes, represent different DNA
sequence from different species. The inner nodes however represent something else, namely
a series of probability vectors. This differentiation between tip and inner nodes is actually
important since there is a different amount of data stored for each type of node. All cachelines
within a cache have a fixed size data field. It is possible to store smaller amounts of data in a
larger cacheline but that is not efficient. In the case of PLF the inner nodes contain 128 times
the number of bytes as the tip nodes, making it inefficient to store the data of both nodes in a
similar sized data field.

In this case it would make more sense to create two different cache instances with different
sizes, one for the tip nodes and one for the inner nodes. That is why, as mentioned in sec-
tion[6.1.3} the trace includes the type of node that is called so the controller knows which cache
to use. This separation in two different caches is a great way to more efficiently use the mem-
ory available on the accelerator card but it also has some downsides. The main downside is
the doubling of the state space. To cope with this larger state space the performance of the tests
are evaluated per cache since the caches do not influence each other.

Traces

The tracefiles are created with the tools mentioned in section[6.1.2] These tracefiles are based on
the generated phylogenetic data. The way this data is generated influences the tracefile. There
are two main settings that are important for this research, the number of DNA sequences and
the number of alignment sites per sequence. First, the number of sequences directly translates
to the number of tip nodes in the tree. Each tip node represents a DNA sequence. By increasing
the number of sequences the number of different data blocks that need to be transferred to the
accelerator increases. To test the performance of the cache the number of DNA sequences is
varied between the following values:

¢ 100 sequences

250 sequences

500 sequences

1000 sequences

These values are chosen to still create a realistic behavior without creating unfeasible long
computation times. The mentioned number of alignment sites determines the data size per
node required for the application. A higher number of alignment sites creates larger data sizes
but also much longer computation times for RAXML. For testing this number is kept as low as
possible but consistent for all DNA sequences. The way realistic data is generated means that
the number of alignment sites must be larger than the number of DNA sequences to guarantee
uniqueness of each sequence. This is required to get a realistic memory access pattern so the
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number of alignment sites is set to 1000. In real phylogenetic data this would be much larger
in the order of 10.000 alignment sites or more but for the access pattern it is less important.

Lastly all traces extracted from RAXML are limited to 1.000.000 memory calls to have a fair
comparison for different number of nodes during testing.

Cache size

The number of inner nodes depends on the number of tip nodes. Since a phylogenetic tree is a
binary tree with an unknown root, it is represented as an unrooted tree. This means that for n
tip nodes there are n — 2 inner nodes. For RAXxML this is not entirely the case. For computation
RAXML introduces an imaginary root in the tree. This means that an extra inner node is created
and the number of inner nodes is n — 1.

Since both numbers are more or less equal both cache sizes will be set to the same number of
cachelines. Even though the data size for inner nodes is 128 times greater this simplification is
made as first step to reduce the state space.

Other constraints

Finally some other constraints are made. First all testing will still be performed entirely in C
code on a regular CPU. For the initial state space reduction the cache is not yet operated across
platforms to reduce complexity.

Since the actual data during testing is not of importance the data transfers are excluded from
the tests. In this case only the controller is updated but no actual data is transferred to reduce
execution times.

For each computation the accelerator requires two inputs to produce an output. For the inputs
tirst the cache is checked before a transfer is made. The output however cannot be in cache
already since the current value is not known beforehand. After the computation the output
will always be stored in cache, more specifically the cache for inner nodes. From there it will
be written through to the host memory.

6.2.2 Performance metrics

In section [3.1| the different objectives of this research are mentioned. One of them being: What
cache characteristics enable tree-based algorithms to benefit from caching when accelerator cards are
deployed? In order to find an answer to this question tests are performed, each time varying the
settings of the cache and thus the characteristics.

There are three main characteristics that can be configured in the designed caching software:
¢ Cache size
¢ Level of associativity
* Replacement policy

In most implementations the cache size will be dictated by the available memory space on
the accelerator card. It also depends more on the ratio between number of cachelines and
number of data entries on the host than it depends on the absolute number of cachelines.
Because of that the focus in the tests will lay on the level of associativity and the replacement
policy. However the cache size is not excluded from the tests, every test will be performed
with different cache sizes so the influence of the ratio can be determined.
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To evaluate the different levels of associativity and replacement policies performance metrics
are used. In section different generic cache performance metrics are described. There
are however also metrics more specific to a use case where application or platform specific
parameters are used. The sections to describe the different performance metrics
used for the comparison.

Once the influence of the different cache characteristics is known the same results can be used
to answer the other research questions.

Hit ratio

The first test covers the hit/miss ratio. Here the testbench follows the memory access pat-
tern from the tracefile. For each line in the trace the controller checks in the correct cache if
the two childnodes for that computation are available otherwise it stores it in cache. The out-
put is always stored in cache. Both cache controllers keep track of the number of simulated
data transfers and the testbench keeps track of number of memory access for each cache. The
gathered numbers are used to find the ratio with the following formula.

Hit Ratio = (1 Number of data transfers

— 100%
Number of memory calls ) 100%

Since the output always has to be written to the cache this is not considered as a cache miss
and thus not included in the hit/miss ratio. This test will be executed for all possible combina-
tions of configurations and policies, all different sequence lengths and for different cache sizes
varying from 4 cachelines to 16.

Overhead timing

Next performance metric is the overhead timing costs introduced by the cache. This overhead
includes the checking of the cache and updating accessed orders for replacement policies but
excludes the data transfers. Associative caches have to loop through the entire set to find an
entry opposed to the direct mapped which has no loop. Especially for larger cache sizes this
extra overhead timing for associative caches could make a difference.

To compare different overhead timing a similar test as for the hit/miss ratio is performed.
Memory accesses are simulated with the tracefiles. Since the timing capability within C is dis-
crete with quite large steps it is not possible to time each cache access separate so an average
is taken. At the start of the trace the timer is stopped and at the end, after a million mem-
ory accesses it is stopped again. This way there is enough difference to differentiate between
configurations.

In order for the timing test to only contain the cache access time and not anything else the
tracefile is read to memory beforehand. Before any timing tests start a memory block is allo-
cated for the trace to be read to. This way the disk access, which takes a lot of time, is not
included in the timing test. The addresses are now directly available in memory.

The results of the timing tests are dependent on the processor used and what other processes
might still be running. All the tests will be performed on the same processor and all other
processes running will be, as far as possible, terminated for a fair comparison.

Worst case

In the timing test the same memory access patterns are used as in the hit ratio test. This gives
for a realistic representation from the real application but does make it tricky to compare the
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actual timing. Since the cache is updated after a memory call the overhead timing is also
dependent on the hit/miss ratio. If all cache calls would be misses the associative caches
would have longer overhead timings.

In order to compare the overhead timing without the hit ratio a worst case test is performed.
Here the same memory access pattern from the tracefiles is followed but no data is written
to the cache. So each memory access the cache has to check if the data is available, but after
the call the cache is not updated. This way every cache call will be a miss and the worst case
overhead timing can be determined. The way this timing is measured is the same as in the
overhead timing test in section[6.2.2}

Execution times

The next test will be the comparison of estimated execution times. This will be a way to simu-
late the actual data transfer times in a real application. In this test the cost of a cache miss will
be included. The test will be based on the hit/miss ratio test in section[6.2.2]and the timing test
in section[6.2.2]but with added cache miss costs. Introducing the miss penalties makes this test
not only application but also platform specific.

The way these costs are introduced is with a fixed data transfers speed based on measurements
from other research. The test will follow the timing test but also keeps track of the number of
hits and thus indirectly also the number of misses. At the end of the test the number of misses
is multiplied with the data size and a transfer speed to determine the extra timing costs for
the misses. This is done separately for each cache, since the data size differs. The extra data
transfer times are added to the overhead timing to find approximate overall execution times.

Other research done about exploiting FPGA platforms for PLF calculations specifically with
RAXML provides great insights in typical transfers speeds [33]. Here accelerator cards are
used to speed up the RAXML program and timing measurements are done. The measurements
used are not listed in the published paper but contact with the authors provided useful data.
Transferring data from the host to the accelerator can be done at 9.85GB/s. Transferring data
back from the accelerator to the host is done at 12.81GB/s. In real world applications data
transfer speed is not constant but for this test that assumption is made. This will be the last
test in the state space reduction.

With these transfer speeds the costs for cache misses can be determined for each tracefile and
node type. In the table the extra costs for each cache miss is given.

Table 6.2.1: Miss penalties for each tracefile based on the data in [33]

Bytes per Bytes per = Miss penalty Miss penalty
tipnode innernode tip node[ps] inner node [ps]

100 sequences 536 68608 0.0544 6.9653
250 sequences 548 70144 0.0556 7.1212
500 sequences 543 69504 0.0551 7.0562
1000 sequences 725 92800 0.0736 9.4213

the data transfer back to the host memory is not dependent on the hit/miss ratio since a write
through policy is used. Every calculated value is returned back to the host memory after
using. The result of a calculation on the accelerator is always in the form of an inner node
data block. With the assumed transfer speed from the paper, the trace length of one million
accelerator calls and the data size known, the costs for data transfer from accelerator to host
can be determined. In table transfer costs for the 1000 sequence trace is shown. Here
the for each of the inputs and for the output the transfer costs are shown, based on a non
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Table 6.2.2: Transfer costs for a trace of 1000 nodes.

Number Nodesize Total Transfer  Transfer

of inputs [bytes] size [GB] rate[GB/s] timel[s]
Tip input 729799 725 0.5 9.85 0.05
Inner input 1270201 92800 117.9 9.85 11.97
Output 1000000 92800 92.8 12.81 7.24

Table 6.2.3: Transfer times for data from accelerator to host per tracefile.

Transfer Tip Transfer Inner Transfer  Total transfer

input [s] input [s] output [s] time[s]
100 sequences 0.04 9.27 5.36 14.67
250 sequences 0.04 9.58 5.48 15.09
500 sequences 0.04 9.40 5.43 14.86
1000 sequences 0.05 11.97 7.24 19.27

cached situation, so the worst case transfer times. The same can be done for the other tracefiles
resulting in the total worst case transfer times shown in table[6.2.3]

6.2.3 Application performance using cache

Up until this point all tests are focused on the data transfer part only. For the final performance
test it is interesting to look at the bigger part of the accelerator use. In this test the effectiveness
off the cache is combined with a model for the datapath. This way the memory bottleneck is
put into perspective and the performance of the entire application is shown.

This is achieved by including a model for the datapath, based on the latency, throughput and
clock frequency of the hardware kernel running on the accelerator. The times that follow from
this data model are included in the previous test to find a total execution time for both the data
transfer and datapath.

In this test the best performing cache configurations from the previous tests are compared to a
benchmark without a cache and a realistic performance indication can be given. To determine
the computation time eq. (6.2.1) is used.

Number of sites per sequence

Total computation time = * Number of calculations (6.2.1)

Sites per seconds

The values used for the data model also come from the paper mentioned for the execution
test [33]. Here the algorithm produces 16 double-precision values every two cycles at a clock
frequency of 222MHz. This resulted in a measured throughput for testing DNA data on AWS
at 96968756 alignment patterns per seconds. Each of the traces have a different number of
alignment patterns which is the same as the number of bytes required for a tip node. With a
length of one million accelerator calls in each tracefile this results in the computations times
shown in table

6.2.4 Test reliability

There are some notes to be made about the reliability and applicability of the tests. Some
simplifications are made. The first one to mention is the tracefiles extracted from RAxML.
Since RAXML exhibits partly non deterministic behavior, no two traces for a single set of DNA
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Table 6.2.4: Total computation times per tracefile.

Number of Computation

patterns time [s]
100 sequences 536 5.53
250 sequences 548 5.65
500 sequences 543 5.60
1000 sequences 725 7.48

sequences are the same. For better results average over multiple runs would be better but less
feasible in terms of computation times for all the tests.

A bigger simplification is the fact that in initial tests the hits and misses for both caches are
weighted equally in the total score. The extra penalty for misses in the inner cache is intro-
duced at the execution times test.

Finally, the cache size are fixed to the same number of cachelines because both have a similar
number of data entries. However a cacheline for the inner node cache is 128 times larger than
a cacheline for the tip node cache. In practice the application might benefit with a much larger
tip cache at the expense of a small portion of the inner node cache. But the the misses from the
tip node cache are not as costly so further research must be done in the optimization of this
idea.
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Results

In this section the results for the different tests described in chapter|[f|are shown and elaborated
upon. These results give a clear indication of the possible performance increase in a real world
application. As mentioned, the performance of the cache is evaluated for each characteristic
separately. In section |7.1] the different replacement policies are compared, in section |7.2| the
impact of the level of associativity is shown. The last characteristic that is evaluated is the
cache size in section[7.3] An overall application performance comparison is done in section[7.4}
Finally, in section [7.5|the ease of use in an OpenCL application is shown.

7.1 Replacement policies comparison

To compare the different replacement policies the first test is the hit/miss ratio comparison.
Since both implemented caches operate separately and do not influence the performance of the
other, the performance of each cache is evaluated separately. All tests results that are shown
are with cache sizes of 8 cachelines. This is the smallest number of chachelines where there
is still a distinction in behavior between all four different configurations. For a cache with 4
cachelines the fully associative and 4-way associative would have te same behavior. The tests
have also been performed for sizes of 4, 16 and 32 cachelines. All show similar results as shown
in the graphs below unless explicitly stated otherwise.

7.1.1 Hit/miss ratio

In fig. the performance of the different replacement policies for the caches can be seen in
terms of hit/miss ratio.

For the inner cache it can clearly be seen that the Random, FIFO and LRU replacement policies
outperform the other three. This effect gets larger for higher level of associativity. The LFU
and MFU replacement policy do not perform well for small cache sizes, 8 cachelines in this
test. There is not enough differentiation between the cachelines to determine the best line to
replace. The low scoring for MRU can be explained by the type of memory access pattern
that RAXML uses. MRU performs best in a cyclical access pattern which RAXML does not
have. As for the tip cache, the results slightly differ from the inner cache replacement policy.
Once again Random, FIFO and LRU perform well, but this time MFU also performs well. For
a higher number of nodes or a more associative cache however the performance drops. The
performance of the MFU is greatly improved by a lower number of nodes per cacheline. In
fig.[7.1.2]the performance for a cache with 32 cachelines is shown, here MFU actually performs
best. In the real application however the number of nodes will most likely be larger than 1000
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Figure 7.1.1: Hit/miss ratio comparison of replacement policies for caches configured with 8
cachelines.

and the number of cachelines will be very small. So even though MFU scores well in some
instances it most likely will not perform as well in a real application.

7.1.2 Overhead timing

Next comparison metric is the overhead timing. The differences in timing for the leftover
replacement policies for both caches are very small. There seems no clear differentiation for the
timing costs of the different replacement policies. In fig. the comparison of timing costs
for a fully associative inner cache can be seen, a fully associative cache has the most complex
overhead and thus shows most difference in the comparison of replacement policies. Other
configurations show similar trends but scaled down slightly. Due to this lack of differentiation
between configurations only the results of the fully associative caches are shown for the rest of
the replacement policy tests. There is one outlier here for the trace with 500 nodes and the LRU
or MRU replacement policy. This outlier was not present in other cache sizes or configuration.

The same holds true for the timing comparison for the tip cache. In fig. the timing cost
comparison for a fully associative tip cache can be seen. Here the difference is even smaller and
no outlier is present. Similar results are present for different configurations and cache sizes.
All differences in results per trace are within 1ms margin which is negligible when compared
to the impact the hit/miss ratio has on the total transfer time.

7.1.3 Worst case timing

In section the worst case execution times of the different replacement policies for the
inner cache can be seen. Here is a clear differentiation for the different replacement policies.
For higher associative the LRU and LFU have triple the overhead timing costs as the other
policies. For the tip cache this difference is not present, see section Here the Random
replacement policy actually scores slightly worse for a smaller number of nodes.
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Figure 7.1.3: Overhead timing replacement policy comparison for caches configured with 8
cachelines.

For both cases the differences are still negligible in the total performance picture. In sec-
tion[6.2.2]it is shown that the total worst case transfer time for all the tracefiles is in the range
of roughly 15-20 seconds. A difference in overhead timing of 20us is not going to influence the
total noticeably in comparison to a difference in hit/miss ratio.

7.1.4 Execution times

A final comparison for the replacement policies is done on the execution times. Here the over-
head timing results are combined with the cache miss penalty. In section[6.2.2)the used penal-
ties are calculated and described. In fig. the different remaining replacement policies for
both caches can be seen. Since the overhead timing has a negligible impact on the total transfer
time the graph essentially shows the same results as in the hit/miss ratio test in section [.1.1}

71.5 Summary

From the previous tests a clear difference among the replacement policies in terms of perfor-
mance can be seen. Even though LRU has the highest overhead and worst case timing in the
execution time test it still performs best. This shows that the hit/miss ratio in this case is much
more influential than the overhead timing. From these results Random, FIFO and LRU came
up as the best performing replacement policies. MRU, LFU and MFU all perform comparable
to each other. These replacement policies typically perform better in cyclical memory access
patterns as described in section[2.3.4] Looking at the tracefiles from RAXML it can be seen that
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Figure 7.1.4: Worst case overhead timing replacement policy comparison for caches configured
with 8 cachelines.
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Figure 7.1.5: Total execution time replacement policy comparison for caches configured with 8
cachelines.

it does not contain such a cyclical access pattern making it not surprising that these replace-
ment policies do not perform as well. However even in the worst case there is still it hit/miss
ratio of more than 15% so overall performance is still better than no cache at all.

7.2 Level of associativity

The next characteristic to look at is the level of associativity. A similar approach as for the
replacement policies is chosen for this comparison. First a hit/miss ratio comparison is done.
Then the overhead and worst case overhead timings are compared. Finally, the total execution
times are compared. To keep the testing structured not all tests performed are shown in this
section. All results shown are cache with the LRU replacement policy. Since that was the best
performing policy it is used here. All tests are executed with all different replacement policies
and show similar behavior as the presented LRU caches unless explicitly stated otherwise.

7.2.1 Hit/miss inner

The first test is the hit/miss ratio. The hit/miss ratio comparison can for the inner and tip cache
can be seen in fig. and fig. respectively. For the inner cache the performance in-
creases with the level of associativity but the differences between any of the associative caches
are small. Only the direct mapped cache stands out in performance. The tip cache shows very
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Figure 7.2.1: Cache associativity comparison based on hit/miss ratio for caches configured
with 8 cachelines and LRU.

little influence of the level of associativity on the hit/miss ratio. Only the direct mapped cache
slightly under performs in comparison to the others. The other replacement policies show a
similar result.

7.2.2 Overhead timing

The level of associativity comparison based on the overhead timings shows just as little dif-
ferentiation as the hit/miss comparison. In fig. the difference for an inner cache with
LRU is shown. Here is one outlier which is the fully associative cache for a data set of 500 se-
quences. Most likely this test has a higher number of misses which influence the performance
of the fully associative cache the most. For the other replacement policies and cache sizes this
outlier is not present the mutual differences are as small as all other differences shown in the
graph. In fig. the comparison for the tip cache with LRU is shown. Here is also very
little differentiation between the configurations. All other replacement policies and cache sizes
show similar results. Just as with the overhead timing in the replacement policy comparison all
differences in overhead timing are negligible compared to the influence of the hit/miss ratio.
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Figure 7.2.2: Cache associativity comparison based on overhead timing for caches configured
with 8 cachelines and LRU.

7.2.3 Worst case timing

The worst case timing tests for different levels of associativity show more differentiation than
the overhead timing test. There is quite a significant difference in overhead timing for higher
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Figure 7.2.3: Cache associativity comparison based on worst case timing for caches configured
with 8 cachelines and LRU.

levels of associativity for the inner cache, as can be seen in fig. Here the differences
in worst case timings are comparable to the difference seen in the replacement policies test in
section [7.1.3] For the tip cache these differences are small as can be seen in fig. Here
the direct mapped cache actually performs worst. All observed differences still fall within the
range of difference that is negligible for the total transfer time.

7.2.4 Execution times

The last test is the total execution time comparison. Here once again the values mentioned in
section[6.2.2]are used to calculate the costs of a miss penalty, The results for the inner cache and
the tip cache can be seen in fig. and fig. respectively. Again, since the overhead
timing is negligible on the total performance the graphs show similar results as for the hit/miss
ratio. Where a higher level of associativity, especially for the inner cache, reduces the execution
time more.
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Figure 7.2.4: Cache associativity comparison based on total execution times for caches config-
ured with 8 cachelines and LRU.

7.2.5 Summary

From the tests it can be said that for this application a higher level of associativity increases
the performance. Even though this results in more overhead time costs, the reduced number
of data movements weights heavier on the overall performance.
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7.3 Cache size

As mentioned in section [6.2.2] the cache size most likely will be dictated by the available mem-
ory on the accelerator card. Since the previous tests show that the overhead timing adds neg-
ligible costs compared to the hit/miss ratio it seems logical that a higher number of cachelines
will result in a higher increase in performance. To check if indeed the performance increases
with the number of cachelines a test is performed. In this case only the hit/miss ratio test since
most performance difference will come from that metric. In fig. the hit/miss ratio for the
inner and tip cache can be seen. Both caches are configured as a fully associative cache with
the LRU replacement policy. The bars show different number of cachelines.
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Figure 7.3.1: Configuration comparison for caches configured with 8 cachelines. Total execu-
tion time of the data transfers.

As expected the larger cache size have a higher hit/miss ratio and perform better.

7.4 Application performance using cache

For the final test it is interesting to see how the different configurations perform compared
to each other in the larger picture of the accelerator use case. So the final test will have the
four configurations all with the LRU replacement policy since it is clearly performing best. An
overview of the different combinations can be seen in table[7.4.1]

Table 7.4.1: Different combinations of settings used in final testing.

Inner cache . Tip cache
Inner cache Tip cache
. . replacement . . replacement
configuration . configuration .
policy policy
Combination1 Direct mapped n/a Direct mapped n/a
Combination 2 2-Way associative LRU 2-Way associative LRU
Combination 3 4-Way associative LRU 4-Way associative LRU
Combination 4 Fully associative =~ LRU Fully associative ~ LRU

In this test the data model is included to put the transfer times into perspective of the entire
execution times. The data model used is explained in section[6.2.3]and is based on measured
values from previous research. In fig. the different selected combinations in table
and a no cache implementation are compared for the tracefile with a 1000 nodes. This is done
separately for the inputs, tip and inner, the processing and the output times. The processing
and output times in this case are all constant.
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The major difference is with the inner input. Here the transfer times is reduced from 12s to 2s
in the best scenario. Another thing that can be noticed is the small impact in general the tip
input has on the total execution time. In the graph the bar for the tip input is shown but barely
visible for the cached combinations.
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Figure 7.4.1: Comparison of the different combinations.

In fig. the total execution time for each trace can be seen. In this case a new factor is
included, namely the matrices transfer. RAXML required a 144 value double-precision matrix
for each calculation. These values have to be transferred to the accelerator but this is a con-
stant value so during the rest of the testing this is not included. In the end the extra transfer
time added by this matrix transfer is very small. One million times a transfer of 144 double-
precision values results in a total of 1.2GB, at a transfer rate of 9.85GB/s this only adds 0.12
seconds to the total execution time. This extra transfer does not influence the total by much
but does make sure that the result is representative of a real application.
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Figure 7.4.2: Comparison of the total execution times per trace.

All the chosen cache configurations perform very well compared to no caching solution. The
difference between the combinations in this case is relatively small but in larger use cases it
could add up to a significant difference.
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7.5 Demonstration

A last test will be a cross platform execution. The goal of this test is to show the ease of
use of the software cache and not the different performance as in previous tests. Here the
transfer from the pure C code to an inclusion of OpenCL will be made. The entire code is
made compatible with OpenCL and a simple vector add kernel will be used to replicate the
behavior of an accelerator card. This is highly simplified in comparison with the RAXML code
but can give a good indication about cross platform execution.

The test will be executed on the combination of a CPU and an internal GPU on a laptop. This
test cannot say anything about the final performance of the cache implementation but purely
shows the ease of use.

Figure 7.5.1: Tree structure used to test the OpenCL implementation

For this test a simple vector add example code for OpenCL is used as a base [34]. A small very
small tree structure is made, fig. where every node represents a vector of integers. The
algorithm in this case is an addition of the two underlying childnodes. In this tree the nodes A,
B, D and F are the tip nodes and are assigned with random data, C, E and G are empty vectors
to store the intermediate data. The final node, G, should contain the sum of all tip nodes at the
end of the calculations. This way the correctness of the cache implementation can be verified.

7.5.1 Code difference
To show the ease of use code snippets are given with and without the cache. Most of the code
remains the same and is not shown in this section, only the differences are highlighted.

Cache instantiation

In the beginning of the code the cache needs to be instantiated. This is achieved by calling the
CreateCache function and can be seen in listing[7.1} No code needs to be removed at this stage
and no OpenCL function has to be replaced.

Listing 7.1: Code snippet of cache instantiation.

1 struct Cache_t* myCache = CreateCache(8, dataSize, 32, direct_mapped
, fifo_RP);

Data from host to accelerator

For the data transfer from host to accelerator the example uses the code shown in listing[7.2] to
create c1_mem objects and assign the correct data to it before providing it as argument to the
kernel.
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Listing 7.2: Code snippet of data transfers without cache

1 //Create the input arrays in device memory and copy the host
pointers

2 inputl = clCreateBuffer (context, CL_MEM READ ONLY |
CL_MEM_COPY_HOST _PIR, dataSize, h_inputl, &err);

3 checkError(err, "Creating buffer inputl");

4 input2 = clCreateBuffer (context, CL MEM READ ONLY |
CL_MEM_COPY_HOST_PIR, dataSize, h_input2, &err);

5 checkError(err, "Creating buffer input2");

6 output = clCreateBuffer (context, CL_MEM_READ WRITE, dataSize, NULL,
&err);

7 checkError(err, "Creating buffer output");

8

9 // Set the arguments to the compute kernel

10 err = clSetKernelArg(ko_vadd, 0, sizeof(cl_.mem), &inputl);

11 err |= clSetKernelArg(ko_vadd, 1, sizeof(cl.mem), &input2);

12 err |= clSetKernelArg(ko_vadd, 2, sizeof(cl.mem), &output);

13 checkError (err, "Setting kernel arguments");

To implement the cache the code has to be changed to the code shown in listing[7.3] The code is
very similar but there are two key differences here worth mentioning. First it is important for
defining the output that the CL_MEM_COPY_HOST_PTR argument is not passed in the function.
This will make sure that the output will always be written to the cache even if an outdated
version of that entry is already present. The second thing is that for the output instead of a
NULL pointer now the pointer pointing the data in the host memory space is given. This way
the cache controller can determine the location of the output in the cache memory and can keep
track of the entries in the cache. The only other difference with the original OpenCL function
arguments is the passing of the pointer of the cache.

Listing 7.3: Code snippet of data transfers with cache

—_

//Write to the cache on the device memory
2 inputl = clCreateCacheBuffer(context, CL_MEM_READ WRITE |
CL_MEM_COPY_HOST PIR, dataSize, h_inputl, &err, myCache) ;

3 checkError (err, "Creating buffer inputl");

4 input2 = clCreateCacheBuffer (context, CL_MEM _READ WRITE |
CL_MEM_COPY_HOST_PIR, dataSize, h_input2, &err, myCache);

5 checkError(err, "Creating buffer input2");

6 output = clCreateCacheBuffer (context, CL MEM_READ WRITE, dataSize,
h_output, &err, myCache);

7 checkError(err, "Creating buffer output");

8

9 // Set the arguments to the compute kernel

10 err = clSetKernelArg(ko_vadd, 0, sizeof(cl.mem), &inputl);

11 err |= clSetKernelArg(ko_vadd, 1, sizeof(cl.mem), &input2);

12 err |= clSetKernelArg(ko_vadd, 2, sizeof(cl.mem), &output);

13 checkError(err, "Setting kernel arguments");

Note that the error checking functionality built in OpenCL is still functional with the added
cache functionality. In both examples the OpenCL defined error type is provided as an argu-
ment and can be used to check correctness.

Data from accelerator to host

After the kernel is executed the output data from the accelerator can be transferred back to
the host. The original code uses a c1EnqueueReadBuffer function to achieve this which can be
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seen in listing

Listing 7.4: Code snippet of retrieving data from accelerator.

1 // Read back the result from the compute device

2 err = clEnqueueReadBuffer (commands, output, CL_TRUE, 0, dataSize,
h_c, 0, NULL, NULL);

3 checkError(err, "Reading back h_c");

With the cache implementation this method can still be used. This does however not update
the access order in the cache for replacement tracking so performance might drop due to im-
proper tracking of usage for replacement but correctness is still insured. The caching software
does however also offer some extra functionality in the form of the c1EnqueueReadCacheBuffer
function. The use of this function can be seen in listing

Listing 7.5: Code snippet of retrieving data from cache.

1 // Read back the result from the compute device

2 err = clEnqueueReadCacheBuffer (commands, NULL, CL_TRUE, 0, dataSize,
h_c¢, 0, NULL, NULL, myCache);

3 checkError(err, "Reading back h_c");

This function allows for data other than the most recent result to be retrieved from the cache
memory. For this function no location on the device memory has to be given as an argument
since the cache controller contains that information. Only the location in the host memory
where the data is to be stored is required. The controller will find the location in cache and if
the requested data is not in cache the function will return 1 which can be used with the error
functionality to identify such an occurrence.

In the case of this example it is possible to retrieve the intermediate data of nodes C and E after
all three computations are completed. If of course the cache size is big enough and the data is
not yet overwritten with new data.

Cache destruction

The last piece of code that is added to the example is the cache destructor function FreeCache.
At the end of the example listing[7.6]is added.

Listing 7.6: Code snippet of cache destruction.

1 FreeCache (myCache) ;

These are all the changes required to use the cache within this simple example.

7.5.2 Performance

Now that is shown how little the code has changed with a cache included it is time to see how
the execution is affected. This is a very simplified example but does show the correctness and
potential of the caching software. In table the data transfer order for the regular case is
shown. In this case there are 6 transfers from host to accelerator and 3 transfers back from the
accelerator to the host.

Table 7.5.1: The data transfer order for the nodes without a cache.

Nodes {A,B} C {C,D} E {E,F} G
Direction h—+d d—h h—d d—h h—d d—h
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When taken a large enough cache size the expected data transfer order can be seen in ta-
ble Here the data from nodes C and E are stored in the cache and never transferred.
This case would require 4 transfers from host to accelerator and 1 transfer back.

Table 7.5.2: The data transfer order for the nodes with a cache.

Nodes {A,B} D E G
Direction h—d h—d h—d d—h

For the test the cache size is set to 8 cachelines meaning that there should be enough space for
all nodes and result in the optimal data transfers as described above. The results show that
indeed in this case only 4 data transfers from host to accelerator are done and only a single
data transfer back to the host while maintaining the correct result for the additions.

This shows that with very little change to existing OpenCL code performance of algorithms
can be improved with software caching.
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Discussion

In this chapter different parts of the project are discussed. First the overall design and the
possible implications or limitations of the made design choices in section In section
the experimental setup and the limitations of that setup are discussed. Next the actual results
of the testing are discussed in section Finally, in section some thoughts about the
expendability to other applications are given.

8.1 Design

During the design process some design decisions were made to keep the project feasible and
still prove that the concept of software caching for accelerator cards can be beneficial. The first
of these decisions is complete programming in C. Currently that is the only language supported
but OpenCL does support for instance C++ syntax or Python. The code is not overly complex
and does not use functions that are not supported by either of these two languages. This
means that the code should be relatively simple to be converted to C++ or Python for support
of a wider spectrum of applications.

The current design only supports three different associative cache configurations; 2-way, 4-way
and fully associative. For larger cache sizes the difference between 4-way and fully associa-
tive is very large and larger set associative cache configurations can simply be implemented.
The restriction that set sizes and number of cachelines in general have to be powers of two
originated from the goal of lowest possible overhead costs. During testing the overhead tim-
ing appeared negligible compared to the influence of the hit/miss ratio. This could mean that
the extra overhead costs for a more complex controller that allows for an arbitrary number of
cachelines or set size, are compensated by a higher hit/miss ratio. This way more of the avail-
able memory space on the accelerator can be used for caching. Further testing is required to
confirm this hypothesis.

Currently only a limited amount of replacement policies are included in the design. Many
more replacement policies exist and for a software cache the implementation is simpler than
for a hardware implementation. The current supported replacement policies were chosen
based on the level simplicity, both in functionality and implementation, that these policies
have. Other policies are not tested but perhaps show very different results. In the end it is
mainly dependent on the type of application used.
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8.2 Experimental setup

The phylogenetic data used during testing is generated with tools that represent actual data.
This is a solid base for the testing. For the testing the memory access trace extracted from
RAXML is limited to one million memory calls. In a real application this would be much larger,
especially for higher number of sequences. Since RAXML operates on subtrees this reduction
of the trace still provides a representative memory access trace. The total number of cache
hits and misses would increase in a real application but the ratio will probably not. Another
difference with the generated phylogenetic data is the number of alignment sites and thus the
data size. In real world application this could easily be a factor 1000 larger, increasing the data
size per node. This would mean that the execution times from the tests are not representative
but the ratios still are. In absolute terms the caching software will show more effect in these
real scenarios.

All development and testing has been performed on a Windows device. This means that for
the timing experiments the results differed from time to time. Windows does not allow full
control of background processes and it was clear that some outliers were present. To solve this
an average over multiple runs has been taken but a better solution would be to run the tests on
a Linux device. In a Linux environment timing tests should show similar results in different
runs. The differences in timing of the current testing can still be used to show the negligible
effect of the overhead timing compared to the hit/miss ratio.

Unfortunately testing on an actual accelerator card, directly or via AWS, was not possible in
the time frame of this research. This means that no timing results from an actual application
can be shown. However the models provide a solid base to show the proof of concept.

8.3 Results

Many tests have been performed and a lot of results have come out of these. All these re-
sults show the performance increase the caching software can provide but only in the context
of phylogenetics right now. The performance of the different replacement policies was very
noticeable. Since RAXML does not have a cyclical memory access pattern the MRU, LFU and
MFU replacement policies performed considerably lower than the other policies. This does
not mean that the policies itself are inferior, but they are not suitable for this application. One
interesting thing to note is the performance of the Random replacement policies. In essence, it
is one of the simplest replacement policy one can imagine but the performance was in a similar
range as the FIFO and LRU policies. It does result in non-deterministic behavior which might
be undesirable in certain applications that can use caching.

From the testing it became apparent that the overhead timing costs in any combinations of
settings was negligible compared to the impact of reducing the data transfers. One of the main
downsides in a hardware cache for an associative cache are the added costs in the form of
hardware and time. For a software cache this extra hardware costs do not exist and the extra
time costs are well compensated by the increased performance. In almost all tests the higher
associative caches performed better. So a better performing cache with no real added costs
would make the choice for a higher level of associativity very simple. This also allows for
extra flexibility with the replacement policies that are not present on a direct mapped cache.

In all tests the sizes for both caches were the same to reduce the state space of possible com-
binations of settings. For an actual implementation this generalization is not required and it
might be better to have different size caches for different types of nodes. The current data does
not give any insight on this hypothesis and further testing is required.
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8.4 Other applications

The results show that indeed for an accelerated phylogenetic likelihood function the cache im-
proves performance. The design of the cache however facilitates the straightforward deploy-
ment with other applications. Most accelerated applications using OpenCL, currently only in
C syntax, could potentially benefit from this software cache. The implementation into an exist-
ing design is straightforward as shown in section|[7.5] The goal of this research was to evaluate
performance on tree-based algorithms because of locality of data within a tree structure. This
does not mean that it cannot improve performance of other memory bottlenecked accelerated
algorithms. Applications that have repeated memory accesses potentially could benefit from
this software cache. The code essentially can be implemented in any OpenCL application but
the performance and best settings will heavily depend on the application and further testing
is required for each type of application.
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Conclusion

In this chapter the conclusions of this research are discussed. First the set research questions
are answered and after that possible future work is discussed.

9.1 Research questions

Before answering the main research question, first the subquestions are answered in the order
as presented in section 3.1} starting with the subquestion:

Can standard caching techniques be used for tree-based algorithms?

During this research a software cache was designed based on the OpenCL standard. The de-
sign supports standard caching techniques found in hardware based cache designs, namely
indexing, inclusion of associativity and support for different replacement policies. With the
tests performed on the PLF tree-based algorithm it shows that the software can indeed be used
to alleviate the number of data transfers. Currently the testing for tree-based algorithms is lim-
ited to the PLF algorithm, so no conclusive answer can be given towards tree-based algorithms
in general. But since the design is OpenCL based, it is easily implementable in existing code
and it is highly likely that other tree-based algorithms can benefit from this caching software.
In fact in section [7.5|it is shown that even from origin non tree-based algorithms such as the
vector addition algorithm can be extended to use the designed software cache. Based on this
research no conclusions can be given on the performance in other applications however it can
be concluded that standard caching techniques can be used on algorithms besides tree-based
algorithms.

What is the effect of caching on data movement and accelerator performance for the phylogenetic
maximum likelihood function?

The results show very promising performance increases for the PLF algorithm. With the gener-
ated data, the data transfer model and the computational model it is shown that the number of
data transfers from the host to the accelerator can be reduced up to 90% in the best case scenar-
ios which reduces the total transfer times to a sixth of the original transfer times in section
The overall accelerator computation time, based on the models used, has been decreased be-
tween 31.6% and 39.9% for different tree sizes. This shows high potential for the use of this
cache within the RAXML software for larger scale computations.
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What cache characteristics enable tree-based algorithms to benefit from caching when accelerator
cards are deployed?

The final subquestion is about the different cache settings used. The tests only covered the PLF
S0 no generic statements can be made on the performance of the different cache characteristics.
However for the PLF some clear conclusions can be drawn. First, as expected, a larger cache
results in better performance. The extra overhead timing required for a larger cache for look
ups is negligible compared to the decrease in data transfers.

Next is the level of associativity of the cache. From all tests a higher associativity resulted
in less data transfers. Again due to the negligible amount of extra overhead timing costs that
comes with a higher level of associativity it always seems worth it. However the differences are
not very large and even a direct mapped cache performs in a similar range as the associative
cache configurations.

Finally the replacement policies. During testing it became apparent that the choice of replace-
ment policies is very important since it influences the performance greatly. It will be depended
on the type of applications which replacement policy performs best.

Main research question
With all the subquestions answered the main research question can now be answered.

How effective can caching be in alleviating the memory bottleneck when using an accelerator card
for data-driven memory-bound tree-based algorithms?

In spite of the fact that no conclusive result can be given about performance of software caching
for tree-based algorithms in general due to the fact that only the PLF was tested, still very posi-
tive results have shown that the memory bottleneck can be alleviated by caching. In fig.[7.4.1]it
can be seen that without caching 74% of the total execution time is required for the data move-
ment, where with caching only 59% of the total execution time is required for data movement.
In these results only the data transfers from host to accelerator are targeted so when looking
at the percentage of time required for data transfers from host to accelerator it is reduced from
44% of the total execution time without caching to just 12% with caching.

Certainly for the PLF algorithm it can be concluded that the use of caching reduces the effect of
the memory bottleneck present in this application. It is likely that other tree-based algorithms
can also benefit from caching, more research is required to get conclusive results for tree-based
algorithms in general.

9.2 Future work

Based on the findings during this research some recommendations on further research are
made.

9.2.1 Other applications

First is to expand upon this research and verify the performance of the caching software on
other tree-based algorithms. Having multiple algorithms that benefit from caching shows the
generic nature of the designed software and the principle behind it.

Besides the different algorithms it is also advised to perform some tests on different platforms.
Again this will show the generic nature of the design. Currently the performance has been
measured with models but not on actual accelerator devices. Until proper testing on hardware
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accelerator cards has been conducted it is difficult to give conclusive answers about the actual
performance increase that is provided by the caching software.

9.2.2 Expanding cache functionality

As a proof of concept the current software offers the basic caching techniques from traditional
hardware design. However there exists many more techniques that could be implemented to
further enhance the functionality and usability of the caching software.

Configurations

One of the current limitations is the number of supported cache configurations and cache size.
Originally the number of cachelines was limited to a power of two to reduce the overhead
timing costs. During testing the overhead timing has shown negligible compared to the overall
performance increase. Since the controller is purely software based it should be simple to
change the indexing of the cachelines. Instead of using a number of bits of the memory address,
the modulo of an integer representation of the memory address could be taken. In hardware
this would be complicated due to the extra divisions added but in software this would be much
simpler. This would allow for an arbitrary amount of cachelines to be used in any design,
meaning that more of the available memory space on the accelerator card can be utilized.

This other method of indexing can also be extended to the set associative configurations. The
number of sets as well as the number of ways within each set could be an arbitrary number.
These additions would improve overall usability of the cache and most likely also the perfor-
mance. Further testing with this indexing method is required to verify that the added overhead
costs are compensated by the reduction in data transfers.

Replacement policies

A similar thing can be noted about the replacement policies. Currently the number of sup-
ported replacement policies is limited to the base versions of most policies. As also described
in section there are far more complex replacement policies, that are for instance time
aware or can dynamically change replacement behavior. Since the software controller is soft-
ware based it easier to implement such replacement policies compared to hardware based
cache controller designs. Further research has to be done into the performance and also extra
overhead costs for these replacement policies.

Bidirectional data movement reduction

The focus during this research was the reduction of data movements from the host to the
accelerator. This still leaves opportunities for reducing the transfer times from the accelerator
back to the host memory. Currently the design uses a write through policy, meaning that
every output of the accelerator is, besides saved in cache, directly transferred back to the host
memory. The alternative is a write back policy where the data is not transferred back until it
will be replaced by new data. Potentially this could reduce the number of data movements
from the accelerator back to the host. It will depend on the application whether the functional
correctness will remain the same for a write back policy and further research is required into
this.
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