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Abstract—As the density of eld-programmable gate arrays a dramatic problem as nonvolatile memory required to store
continues to increase, the size of con guration bitstreams grows the bitstreams must be radiation hardened. Such memory has

accordingly. Compression techniques can reduce memory size |, yer density and is much more expensive than conventional
and save external memory bandwidth. To accelerate the con- S .
memory, resulting in very high system costs.

guration process and reduce the software startup time, four o ) .
open-source lossless compression decoders developed using high- In addition to the hardware aspects, there is also an increase

level synthesis techniques are presented. Moreover, in order in the size of software binaries or executable programs that are
to balance the objectives of compression ratio, decompressionexecuted in FPGA-based embedded systems. With the trend
throughput, and hardware resource overhead, various improve- toward more complex software systems with respect to code
ments and optimizations are proposed. Full bitstreams and . .

software binaries have been collected as a benchmark, and SIZ€ and.the number of processors, the capacity of the gxternal
33 partial bitstreams have also been developed and integrated NOnvolatile memory needed to store the software binaries
into the benchmark. Evaluations of the synthesizable compression grows accordingly. Furtherane, the required throughput for
decoders are demonstrated on a Xilinx ZC706 board, showing reading software binarieserds to improve in order to meet
higher decompression throughput than those of the existing loss- the limited startup time of some systems [8].

less compression decoders using our benchmark. The proposed T | th b bl bitst d ft
decoders can reduce software startup time by up to 31.23% in 0 solve the above problems, biistream and soitware

embedded systems and 69.83% reduction of recon guration time binary compression technigsieare developed to reduce the
for partial recon gurable systems. external memory usage and the required external memory
Index Terms—Compression decoder, eld programmable gate bandwidth. There have been several approaches investigat-

array (FPGA) bitstream, high-level synthesis (HLS), lossless ing the effectiveness of comgssing bitstreams or software
compression, software binary. binaries. However, there are still three limitations of existing

methods. First, there is no prior work that simultaneously
. INTRODUCTION addresses compression ratio, hardware resource overhead, and
URING the last decade, the progress in silicon tecltecompression throughput. Some compression techniques with
nology has led to an enormous growth of resourcg®od compression ratio and few hardware resources have
on current static random access memory (SRAM)-baspdor decompression throughput and hence are not competitive.
beld-programmable gate arrays (FPGAs). As the amount®¢cond, benchmarks are not available for full bitstreams,
resources increases, the size of conbguration memory neegadial bitstreams, and softwarénhries, and do not represent
to store the bitstreams growaccordingly. Bitstreams for the statistical characteristics for a wide range of applications.
high-end products from the leading FPGA vendors havkhird, there are substantial differences between implementa-
broken through the 300 megabits barrier [1], [2]. Storingon results and simulation results.
the bitstreams in FPGA-based systems becomes a criticalo address these challenges, four lossless compression
problem since it needs large external memory that coulidcoders developed using high-level synthesis (HLS) tech-
increase the overall system cost [3]D[7]. In high-radiatiotiques are presented. At the decompression level, various
environments, continuing growth of bitstreams has becorimaprovements and optimizations are applied to the compres-

, . , sion decoders in order to balance the objectives of compression
Manuscript received October 28, 2016; revised March 5, 2017; acceptedt. d . th hout d hard
May 26, 2017. Date of publication June 22, 2017; date of current versibftll0, d€compression roughput, an araware resource

September 25, 2017. This work wasipported in part by the National overhead simultaneously. At the benchmark level, 28 full

Natural Science Foundation of @lai under Grant 61131001; in part by thepjtstreams and 25 software binaries have been collected.
Australian Research Council through Linkage Project under Gra

LP130101034; in part by the European Union Horizon 2020 Research aﬁl"rty'th_ree partial bitstreams have been _developed and_ inte-
Innovation Programme under Grant 671653; and in part by U.K. EPSRyrated into the benchmark. drfleover, since no specibc

(EP/LO0058X/1, EP/LO16796/1, EHRO31768/1, and EP/PO10040/IForre-  pitstream organizations and software binary data structures are

sponding author: Lingli Wang.) . .
J. Yan, J. Yuan, and L. Wang are with the State Key Laboratory 4equired, these decoders are applicable to other modern FPGA

ASIC and System, Fudan University, Shanghai 201203, China (e-mailevices and software binarieBnplementations of the pro-
fudan.edu.cn). . .

P. H. W. Leong is with the School of Electrical and Information Engi-Of the _s_yntheS|zabIe compression deCOder_S are demonstrated
neering, The University of Sydney, Sydney, NSW 2006, Australia (e-maibn a Xilinx ZC706 board. The decompression throughput of

philip.leong@sydney.edu.au). _ _ the proposed compression decoders is superior to that of the
W. Luk is with the Department of Computing, Imperial College, London__. .. | | . d d he b h K b

SW7 2BZ, UK. (e-mail: wi@doc.ic.ac.uk). eX|s'§|ng ossless compression decoders on the benchmark by
Digital Object IdentiPer 10.1109/TVLSI.2017.2713527 making use of different kinds of optimizations.

1063-8210 © 2017HEE. Personal se is perritted, but republication/redistsution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



YAN et al. LOSSLESS COMPRESSION DECODERS FOR BITSTREAMS AND SOFTWARE BINARIES 2843

In summary, the following contributions are made in thiare combined with RLE, Huffman encoding, LempelDZivD
paper. StorerbSzymanski (LZSS) encoding, or computing the XOR
1) Four open-source lossless compression decoders difeerence between frames. Thesomplex compression tech-

developed using HLS. Various improvements and optiologies can produce excellent compression results. However,
mizations are applied to these decoders in order tmt only do these methods require the knowledge of the
balance the objectives of compression ratio, decorbitstream format and the imeal structure of the FPGA,
pression throughput, and hardware resource overhebdt also they do not address the problem of decompression
Implementations of the synthesizable lossless comprelsroughput and decompression hardware resource overhead.
sion decoders can run at 200 MHz.
2) A benchmark including full bitstreams, partial bit- )
streams, and software binaries is provided. ComparisBn P€vice-Independent Approaches
results between the proposed compression decoders andltera incorporates a hardware compression decoder in
the existing compression decoders on the benchmark greducts, such as Stratix || FPGAs [17]. This decompression
presented in respect of maximum frequency, as wd#dature allows FPGAs to receive a compressed conbguration
as compression ratio, decompression throughput, abidstream and decompress it at run time, reducing storage
hardware resource overhead. requirements and conbguration time. The Xilinx bitstream
3) Evaluations of the synthesizable compression decodgeneration tool (BitGen) includes an option called O-g com-
are demonstrated on a Xilinx ZC706 board, showingress,O which uses multiple-frame write sequences to minimize
higher decompression throughput than those of the exitite size of bitstreams. This option is appropriate for the com-
ing compression decoders on the benchmark. Moreovpression of full and partial bitstreams. Both Xilinx and Altera
the proposed method can reduce software startup timeliyve built-in hardware compression decoders in the external
up to 31.23% in embedded systems and 69.83% redwonbguration devices, such as the System ACE MPM [18],
tion of reconbguration time for partial reconpgurablPlatform Flash PROM [19], and Enhanced Conbguration [20].
systems. Using these devices, designers do not require knowledge of
The rest of this paper is organized as follows. Section fhe bitstream format and the internal structure of the FPGA.
discusses related work. Section Ill gives overall design colir fact, they can save the total solution cost including storage
siderations. Section IV presents design and implementationraémory, board space, conbguration speed, and source of
lossless compression decoders in detail. Experimental resgligply. However, both Xilinx and Altera omit details on
and analysis are presented in Section V. Finally, Section ¥écompression throughput and hardware resource overhead.
concludes this paper. There are also other apm@mches in the beld of bitstream
Il. RELATED WORK compression and decompression, which involve RLE meth-

Existing compression techniques for bitstreams and softwA}gS: Statistical methods, dictionary-based methods, bitmask-
binaries can be classibed intedt categories based on whetheP25€d methods, and other variations [3]B([7], [21]D[26]. Since
they are device dependent during decompression. conbguration bitstreams are processed as raw data, these

proposed techniques are applicable to other SRAM-based

A. Device-Dependent Approaches FPGA device, and do not depend on specibc features

Some methods require special hardware features durimigthe conbguration mechanisms. A modibed LempelDZivb
decompression, such as wildcard registers or conbguratitlch (LZW) dictionary-based compression method has been
mechanism, which are priaed only in certain FPGAs. proposed in [3] and [4]. Although the decompression hard-

Wildcard registers allow conbguration memory within thevare is simple, the memory requirement is high. The work
same row or column to be written simultaneously. Sonmesented in [5] and [6] tends to be more exhaustive in
approaches that take advantadeh® characteristics targetingterms of compression techniques. Koeh al. [5] and [6]
Xilinx XC6200 FPGAs are presented in [9] and [10]. By usingliscuss different bitstream compression techniques, and also
these registers, faster conbguration could be achieved. In addimpare their own compression methods with state-of-the-
tion, a subsequent approach [11] from the same autham$ software programs like GZIP applied to different bit-
takes advantage of these registers based on run-length enstridams. But the decompression throughput is not competitive.
ing (RLE) for the same family of FPGAs. The use oRin et al. [7] compare their compression techniques with
OdonOt caresO for bitstream compression has been propogeevious methods, and the proposed compression decoder is
[12] and [13]. However, the method requires specibc informdesigned carefully to achieve less hardware resource overhead
tion regarding the bitstream format and the internal structureafid higher frequency. Unfortunately, they do not address
the FPGA. This information is conbdential in modern FPGAshe decompression throughput. A detailed implementation of
preventing us from exploiting such techniques. LZSS compression decoder has been shown in [21]. The

Some studies [13]D[16] investigate the ability to conmdecoder can decompress the guassed partial bitstreams at
press bitstreams using the caupation mechanism. Theserun-time, but the authors do not report the decompression
studies show that bitstreantan be compressed efbcienthithroughput. The LZSS approach is also used to compress
by utilizing interframe or intraframe regularity. In additionportable partial bitstreams in [22]. Reference [23] shows high
some researchers [13], [14] use frame reordering and ruwompression efbciency of partial bitstreams using the XOR
time frame readback to achieve better redundancy, whioperation and RLE. However, BRAM is used to store partial
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Fig. 1. Process of compression and decompression. (a) Compressioncstanpdigtion time, of3ine). (b) Decompression stage of full bitstreams tfrae,
off-chip). (c) Decompression stage of partial bitstreams (run time, @j-cfd) Decompression stage of software binaries (run time, on-chip).

bitstreams before conbguration. Larger partial bitstream PlsHigh-Level Synthesis

need more BRAMSs, and hence, this method is not suitableyyigh_jevel synthesis tools perform automated translation of
for Iarge partial bitstream Pbles. A wide range of COMPressi@fyhlevel language (e.g., C,4GF, and SystemC) inputs to
algorithms have been evaluated in [24] based on eight bengfy| jmplementations. HLS tools perform scheduling of opera-
mark circuits. Although the proposed compression decodgfsss 1o pnite state machine states and binding of operations to
can run higher than 200 MHz, the decompression throughgyhctional units. They also generate I/O interfaces to connect
is compromised. Duheret al. [25] propose an optimized RLE \yith memory or other interface protocols. HLS tools include
method to compress partial bitstreams and use the correspod}g—gmas to guide optimization of area and performance.
ing compression decoder @iccelerate conPguration processzipcient use of pragmas, together with code reorganizations to
However, the throughput is low. A compression decoder basgdhy e pragmas effective, is the key design and the optimization
on LZ77 and bitmask schemes has been proposed in [26], F&Ehnique for HLS. In a word, HLS bridges hardware and
the hardware resource overhead is high and the decompresgigf\yare domains, which can improve both productivities

throughput is low. Not only do these methods consider thg, nargware designers and system performance for software
compression ratio of each algorithm, but also the frequeng¥signers [29], [30].

of compression decoders and hardware resource overhead. |, this paper, Xilinx Vivado HLS is used to develop and

The organization of software binaries is very differenferity the compression decoders at the C-level. Multiple
from FPGA bitstreams. Some methods are also approprigig,ementations based on the source code are created, using
for software binaries. The LZSS compression technique dPtimization directives and exmiing the design space, which

utilized for software binaries minimization in [6]. Bitmask-jncrease the possibility of Pnding an optimal implementation.
based compression approaches are proposed to compress soft-

ware binaries in [27] and [28]. However, the decompression
throughput of the proposed decoders in this paper is supeforProcess of Compression and Decompression
to these lossless compression decoders. The goal of compression is to minimize the size of bit-
Although compression techniques for bitstreams have begfeams and software binaries. The compression of bitstreams
proposed, all the above compression decoders are desigagdl software binaries is similar to that of data compression,
using hand-written register-transfer level (RTL) descriptiongaking advantage of regularity and repetitions existing in the
In this paper, four lossless compression decoders are develoggg stream. The process of compression and decompression
using HLS. In order to balance the objectives of compregs shown in Fig. 1. The original software binaries or full
sion ratio, decompression throughput, and hardware resougeg| partial bitstreams are compressed at the compilation
overhead, various improvements and optimizations are appligfle as shown in Fig. 1(a). The compressed full bitstream
to these decoders. Furthermore, an extended benchmarksisransferred to the off-chip decompressor, and then the
provided, including full bitstreams, partial bitstreams, angecompressed full bitstream is transmitted to the FPGA conbg-
software binaries. uration memory through the conbguration interface as shown
in Fig. 1(b). For partial reconbguration, the compressed patrtial
I1l. DESIGN CONSIDERATIONS bitstream stored in external memory is transferred to the
HLS is introduced in general, and then the process ofi-chip decompressor, whicts idirectly connected to the
compression and decompression is discussed. internal conbguration port. Then, the function implemented
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Fig. 2. Characteristics of the benchmark. (a)B(c) Symbol probability of symbol (S) value. (d) Entropy of Ls.

in the reconbgurable region is modibed by the decompressed)
partial bitstream as shown in Fig. 1(c). In embedded systems,
the CPU reads the compressaift@are binary stored in the
external nonvolatile memory and transfers it to the external
memory®, such as double data rate synchronous dynamic ran-
dom access memory (DDR SDRAM). Then, the compressed
software binary is transmitted to the on-chip decompre@sor
Finally, the decompressed software binary is return to the
external memory® as shown in Fig. 1(d).

There are two problems which must be resolved for the 2)
process of compression and decompression. First, an efbcient
compression encoder must be provided. The more efbcient
the compression encoder is, the more memory it can save.
Second, since the decompression is performed at run-time,
both decompression throughput and hardware resource over-
head should be carefully considered. The resource overhead of
the compression decoder should be as small as possible. The
throughput of the decoder has to be higher than that of the
conbguration interface; otheise, the compression decoder
will affect the conbguration rates. In addition, any information 3)
loss in bitstreams or software binaries may generate undesired
outputs, or even worse it may damage devices. Any lossless
compression technique has to satisfy the following condition:
the outputs of the decompressor must be the same as the origi-
nal inputs of the compressor. Lossless compression techniques
are well-studied with a lot of efpcient methods. In this paper,
four lossless compression techniques are selected, based on
RLE [31], LZ77 [32], LZSS [33], and LZG [34]. The details
of designs and implementations are presented in the following )
section.

IV. DESIGN AND IMPLEMENTATION OF LOSSLESS
COMPRESSIONDECODERS

In this section, the design and implementation metri
are brst introduced. Then, analysis of the benchmark af
selections of reference codes is presented. Finally, design Zow

The compression ratio is widely used as a metric in
[6] and [7]. It is debPned as the ratio between the
compressed data size and the original data size
Compressed Data Size 1
Original Data Size @)
A smaller compression ratio means a better compression
technique and saving more memory of external non-
volatile memory.
The decompression throughput is debned as the ratio
between the decompressed data size (the same as the
original data size) and the decompression time

Compression Ratie-

Decompression Throughput
_ Decompressed Data Size

. . (2
Decompression Time

In order to speed up the hardware conbguration and
reduce software startup time, higher decompression
throughput is required.

The decompression efpciency is the ratio of the decom-
pression throughput to the frequency and the data
width

Decompression Efbciency
_ Decompression Throughput

. 3
Frequency Data Width )

To measure the efpciency of the decompression tech-
nique, the decompression efpciency is used as a metric.
Hardware resource overhead. Since decompression is
performed at run-time, the hardware resource overhead
of the compression decoder should be as small as
possible.

Considering the above metrics, the required compression
technology should have better compression ratio, higher
éjsecompression throughput, higher decompression efpciency,
|ad less hardware resource overhead.

and optimization methodology are discussed in more detailB- Analysis of the Benchmark
The following characteristics of the benchmark are shown

in Fig. 2.

A. Design and Implementation Metrics

In this paper, compression techniques are compared and
analyzed using the following metrics.

1) The probability of symbol (S) O00 is much higher

than that of other symbols, especially for the partial
bitstreams as shown in Fig. 2(a)b(c).
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2) The probability of each symbol decreases with thexed-size dictionary to hold data from an input stream, and
increase of the symbol length (Ls) as shown ithen referring to the sliding window when compressing the
Fig. 2(a)b(c). remainder of the input stream. If a pattern in the input stream

3) The average entropy of the 33 partial bitstreams is tigealready in the sliding window, this pattern is replaced with
lowest. The average entropy of the 25 software binariaslengthbdistance pair. As compression progresses, the sliding
is the highest as shown in Fig. 2(d). window is updated by shifting in more data from the input

Only one symbol consistently exhibits extremely high frestream, subsequently forcing earlier entries out. Decompres-
quency for each category of the benchmark. There are méien is the inverse of the compression process. The same
repetitive patterns in the 33 partial bitstreams and more rand&h§ling window is used to hold uncompressed data. When a
symbols in the 25 software binaries. These characteristleggthbdistance pair to the sliding window is encountered, the
imply that partial bitstreams have a better compression raflgcompressor simply copies the speciPed number of data from
than full bitstreams and software binaries. Details of the corife dictionary, shifts these data into the same sliding window,

pression ratio and the benchmark are presented in Section2gd then continues processing the rest of the compressed input
stream.

3) LZSS [33]:LZSS is an efpbcient variant of LZ77. It holds
] ) ) ) the look-ahead buffer in a circular queue and holds the search

As discussed in Section ll, the compression technologig§srer (the dictionary) in a binary search tree. Since the buffer
for bitstreams and software binaries have to be lossless,q is 14096 B. the position can be encoded in 12 b. The
In the selection of reference codes, although only softwaggheme also represents the match length in 4 b, and thus,
compression decoders are tiputs to HLS, it is critical 6 positionblength pair is just two bytes long. If the longest
that software compression encoders are used consistently it -1, is no more than two characters. then the scheme sends
order to generate the input data for the compression decodgiss one character without encoding, and continues the process
In addition, in order to perform HLS, the reference codes Covgkih the next symbol. It also needs one extra bit each time

software compression decoders. Furthermore, the referegeqe| the decoder whether it is sending a positionBlength
codes should not include embedded assembly or platforglciir or an unencoded character.

dgpendent optimizations, wdi are not supported by Xilinx 4) LZG [34]: Liblzg is a minimal implementation of an
Vivado HLS. . . . LZ77 class compression library. It implements an algorithm

_To summarize, the_ following characteristics should be COfkat is a variation of the LZ77 algorithm, with the primary
sidered in the selection of reference codes. focus of providing a very simple and fast decompression
1) Software implementations of both lossless compressigiethod. It contains four unique marker symbols, which are

and decompression methods are available. used to separate literal data from the various forms of length®
2) The software compression decoders are able to g@tance pair encodings.

extracted from the reference codes.
3) There is no embedded assembly or platform-dependent

C. Reference Codes Selection

optimizations. D. Design Flow and Optimization Methodology
Based on the above characteristics, RLE [31], LZ77 [32], Fig. 3 shows a brief overview of the design Bow and
LZSS [33], and LZG [34] are selected. optimization methodology. The gray parts are the optimization

In addition to the above considerations, RLE is simple andethodology. The functional correctness of the compression
very useful for data that contain many repeating patterrdecoder extracted from the reference code is veriped with a
Three similar dictionary-based methods are selected forCatestbench. After all nonsynthesizable constructs are elim-
good compression ratio and simple decompression schemmeated or converted for synthesizability, the initial hardware
LZ77 and LZSS are widely used for bitstream compresiesign of the compression decoder is generated by HLS with
sion [5], [6], [13], [18], [21], [24], [26]. Both methods canthe default optimization. The initial design prepares for further
achieve a good compression ratio, but the decompress@ptimizations. These optimizations will be discussed later in
throughput is not competitive. Compared with LZ77 anchore detail. In order to validate the optimized design, C/RTL
LZSS, the decompression method of LZG is simpler ambsimulation is performed within Vivado HLS. During C/RTL
faster with that of comparabtmmpression ratio. Experimentalcosimulation, the same C testbench used in C simulation is
results including the benchmark are presented in Section \feused and the synthesized function is replaced by the RTL

1) RLE [31]: If a data itemD occursN consecutive times design. Once the C/RTL cosimulation is completed, the design
in the input stream, replace th¢ occurrences with the singleis packaged as an IP. Detalleexplanations of the design
pair ND. Actually, there is also a Bag itef which is required [Row are presented in [35]. Optimizations are shown in the
during the RLE decompression. Thus, the compressed daibowing.
stream isFND. RLE decompression is also straightforward. 1) I/O Optimization: In the C-level design, all input and
When a Rag itenF is read, the repetition couritl and the output operations are performed in negligible time via a
actual dataD are immediately read, and the data iténis function call. In contrast, for an RTL design, these same
written N times on the output stream. input and output operations involves transferring data through

2) LZ77 [32]: LZ77 is a dictionary-based text compressiot'O ports. Although Vivado HLS supports various 1/O proto-
scheme. The scheme works by debning a sliding window orals, AXI4-Stream Interfaces without side channels are used.
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:Alin_tdata[%O] din_tready p—mm=_">
——— din_tvalid dout_tvalid f—o”]—"">
[——— dout_tready dout_tdata[7:0] |m—>
—>—ap_clk ap_done f——ooJ">
———ap_rstn ap_idle p—[——>
[C—=>— ap_start ap_ready f—y_T"">
L hls_rle )

Fig. 5. Interfaces of the RLE decoder.

Fig. 3. Design Row and optimization methodology.

Fig. 6. Shift register function before optimization.

Fig. 4. 1/0O optimization of the RLE decoder.

These interfaces can be applied to any input or output argu-
ments, and can achieve high performance. In addition, since
the compression decoder accesses data in a streaming man-
ner, these interfaces will not be the bottleneck. Furthermore,
AXl4-Stream Interfaces are industrial standard interfaces and
easy to use during the system design. Fig. 4 shows the I/O
optimization of the RLE decoder. Other decoders are nearly
the same. Fig. 5 shows the corresponding interfaces of the
RLE decoder. The width of the 1/0O can be modibed easily by
changing the arguments.

2) Structure OptimizationC/C++ code can contain depen'Fig. 7. Structure optimization of the shift register function.
dencies that prevent a function or a loop from being pipelined.
In these cases, code improvements are needed to remove the
dependencies. A shift register function is synthesized asttee L3 loops. Even though data outputting dout.write(tmp),
slide window of the dictionary-based compression methoshifter reading, and writing tmp% Sreg.shift(tmp,offset-2),
Fig. 6 shows the data dependence in the L1 loop. Thereas well as assignment tmp tmpl appear serially in the code,
the dependence between two shifting operations. Shifter wiitese operations can be pipelinddherefore, the data depen-
ing Sreg.shift(tmp,0) cannot be executed until shifter readingnce between two operations can be removed by structure
tmp = Sreg.read(offset-1) has been executed. After structwptimization. Although this optimization increases the hard-
optimization, Fig. 7 shows no data dependence in the L2 andre resource overhead, it can achieve higher performance.
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void hls_rle( hls::stream<unsigned char> &din, \ void hls_rle( hls::stream<unsigned char> &din, \
hls::stream<unsigned char> &dout) hls::stream<unsigned char> &dout)
{ {
//Inset the interface directives //Inset the interface directives
#pragma HLS INTERFACE axis port=dout #pragma HLS INTERFACE axis port=dout
#pragma HLS INTERFACE axis port=din #pragma HLS INTERFACE axis port=din
#pragma HLS DATAFLOW
RLE_0(din, dout);
RLE_1(din, dout); RLE_0(din, dout);
RLE 2(din, dout); RLE_I(din, dout);
} RLE_2(din, dout);
}
1 2 3 4 5 6 7 1 2 3 4 5

() (b)

Fig. 9. DatalRow optimization of the FL_decoder. (a) Without datafow optimiim. (b) With dataBow optimization.

1

2 3 4 5 6

-- L1:for (i=0; i<length; i++) {

Fig. 10. Code revision of the RLE decoder. (a) RLE decompression process j
before code revision. (b) RLE deconegsion process after code revision.
(c) Code revision with datalBow optimization.

® void shift_reg(int length, ap_uint<I 1> offset)
(b)

|- #include "ap_int.h"

{

//Define a shift register of type ap_shift_reg<type, depth>
static ap_shift reg<unsigned int, 2048> Sreg;

-- tmp = Sreg.read(offset-1);
-- dout.write(tmp);
(¢)

Sreg.shift(tmp,0);
}

Fig. 11. Area optimization of the shift register function.

the structure regularity for partial bitstreams by manual 0pfiretayit option of bitstream generator. The OXilinx Compres-
mizations. Bitstreams of blank are automatically generated gy option uses multiple-frame write sequences to minimize
the bitstream generation tool. Other modules are chosen frgd size of bitstreams. This is the same as the O-g compressO
different applications. option in the previous Xilinx BitGen tool. It is device inde-

1)

2)

3)

Signal processing applications include a Roat poifendent and appropriate for both full and partial bitstreams.
adder or subtractor (add/sub), a coordinate rotgyhether the slice distribution is high or low, the compressed
tional digital computer, a Discrete Cosine Transforngize of the partial bitstreams is similar. The bitstream generator
module [37], and a divider. adds an extra CRC value after each frame by using the OCRC
Cryptography applications contain an Advanced Encryper frameO option. Thus, the size of bitstream is larger than that
tion Standard (AES) module [38], an AES decryptionf the OdefaultO option. In order to evaluate the inRuences of
module [38], and a DES module [39]. These modulesitstream generation options on the compression technologies,
are all from OpenCores. the three types of partial bitstreams are used.

Communication applications include a cyclic redun- 3) Software Binariesin order to evaluate the efbciency of
dancy check (CRC) wodule [40], a Prst-input, Prst- compression technologies for software binaries in embedded
output (FIFO) module, and a Loopback module. systems, 25 software binaries are collected. These software

All partial bitstreams are generated by Xilinx Vivaddinaries are Lightweight IP application examples, and can run
2015.4 with three different options. ODefaultO means the both MicroBlzae and ARM processor-based systems with
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TABLE |
PARTIAL BITSTREAM BENCHMARK

Module source Slice Utilization ' S%ice. Place and Route Bitstream Size (Bytes)
Register LUT Distribution Methodology Default Xilinx Compression CRC per Frame
Add/Sub(fp) Xilinx 12.45% 14.50% 29.13% 141,112
AES OpenCores 17.61% 41.50% 66.75% 142,568
AESI OpenCores 41.84% 61.56% 98.50% 142,568
Blank Xilinx 0.00% 2.19% 5.13% 87,120
CORDIC Xilinx 9.00% 17.81% 27.63% 142,748
CRC OpenCores 1.56% 4.53% 6.38% Auto 418,496 117,356 436,444
DCT OpenCores 13.08% 47.31% 63.13% 142,568
DES OpenCores 6.19% 12.47% 22.63% 132,316
Div Xilinx 14.08% 12.44% 34.25% 140,788
FIFO Xilinx 2.91% 4.84% 7.00% 116,956
Loopback By hand 1.05% 0.16% 2.50% 82,952
> perfomance Monior | FPGA S RLEGN) mELE063)SRLEGiORGERLE] it
- ‘ i B o e
| e | ¥ L -
o e o]
D | ON E =={ OUT FIFO ¢t £ 4000%
S 30.00%
Fig. 12. Architecture of the evaluation system. TEEZ; m I

0.00%
dlﬁ;erent Cache S|Ze The S|Ze Mase SoftWare blnal’les Va”es Full Bitstreams Partial Bitstreams Software Binaries Average
from_ 300 KB to 2 MB. One of these software blnarles_, iig. 13. Compression ratio of the benchmark.
the initialization of the hard ARM processor. More detailed

information about the software binaries can be found in Hl&bmpression ratio of 28 full bitstreams. The second and third

, subgraphs present the average compression ratio of 33 partial

B. General Evaluation System bitstreams and 25 software binaries. The last subgraph demon-

1) Evaluation System Architecturefo evaluate the four strates the average compression ratio of the whole benchmark.
metrics of compression techniques, the Xilinx ZC706 board iower compression ratio means saving more memory and
adopted as the evaluation system. Four compression decodeiag more efbcient. Thus, using these compression methods,
are developed with Xilinx Vivado HLS 2015.4. Logic syn-23.77%D58.68% (1%D76.23% to 1%D41.32%) memory can be
thesis and implementation efach design are performed withsaved for the benchmark. The 8-b compression methods are
Xilinx Vivado 2015.4. Fig. 12 shows the architecture of thenore efbcient than the 32-b compression methods. Because the
evaluation system, where the HPO port, the AXI direct memopartial bitstreams have a large amount of repetitive patterns,
access (DMA) controller, IN FIFO, and OUT FIFO, as well aall the compression methods are applicable to the partial
the Design Under Test (DUT) all run at 200 MHz. The AXlbitstreams and the compression ratio of the partial bitstreams is
DMA controller, the DUT, and the Performance Monitor aréower than 25%. Nevertheless, there are more random symbols
also connected to the GPO port, which also runs at 200 MHa. the software binaries, making RLE series unsuitable as
Each compression decoder is mapped to the DUT block. Ttheey almost have no effect. LZG series is more efbcient
compressed data and golden data are stored in the externallsih RLE series, especially f@oftware binaries. Compared
card before system powem. After the system is powepN, with the state-of-the-art compression methods, such as GZIP
the ARM processor reads the data stored in the SD card grdrsion 1.2.4) [42] and 7-zip (version 16.02) [44], the pro-
transfers the data to the external DDR3 SDRAD Then, posed compression technologies are less efpcient, but the
the AXI DMA controller reads the compressed data from thgroposed decompressed methods have higher decompression
DDR3 SDRAM and transmits it to the compression decodéiroughput and less hardware resource overhead.
@, the decompressed data returns back to the DDR3 SDRAMCompression ratios for 28 full bitstreams are presented
after decompressio®. Finally, the Performance Monitorin Fig. 14. Besides the bitstreams for different applications,
reports the result after checking the consistency between the also compare the averagatio of all the bitstreams.
decompressed data and the golden data. Compared with the previous methods [6], the proposed com-

2) Compression RatioFig. 13 shows the compression ratiqpression technologies LZ77(8 b), LZG(8 b), and LZSS(8 b)
of the benchmark. The brst subgraph shows the averagdieve better compression ratio on most of applications.
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WLZ77(8bit) OLZG(Sbit)  SLZG(16bit) BLZG(32bit) BLZSS(8bit)  BRLE(Sbit)
@RLE(16bit) ORLE(2bit)  @LZSS(8bit)[6] @LZSS(16bit)[6] @ pBMC+RLE[7]
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60.00%
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Xilinx Virtex-2

20.00%
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Xilinx Virtex-5

20.00%
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Fig. 14. Compression ratio of both Xilinx and Altera bitstreams.

Others are Ie;s efpcient than th.e approaches [6]. The.positior 40.00% 30.17%
length pair in LZSS(8 b) [6] is one byte long, while the % 30.00% 16.19%
positionblength pair is two bytes long in this paper. More & 20.00% 8.04%
repetitive patterns can be matched with the longer positiont § 10.00% M . I | . .
length pair, and thus, the compression ratio of proposec 3 0.00% = = = = = = = =
LZSS(8 b) is bgtter than that of LZSS(8 b) [6] except £ & & S 48 @o‘ & & 9 @\Q
for SoC applications. However, more hardware resource ar AN e Se I R RGN
NN RN AN R SR

needed for the longer positior#dygth pair. A bitmask-based
method is designed to encodandom bit changes, and RLE_. ) i I
. . .. Fig. 15. Compression ratio of partial bitstreams.
is appropriate for the large amount of repetitive patterns.
pBMC + RLE [7] takes advantage of using bitmask and
RLE to compress the Xilinx Virtex-2 bitstreams. As a resulichieves about 2.7 times higher decompression performance.
pBMC + RLE [7] has a better compression ratio on som@n the other hand, applying dataf3ow optimization can pipeline
applications. Although some compression approaches h&@sluential tasks and improve performance. Based on the
exhibited favorable compression ratio, no single compressi@fisign of LZG_x1(32 b),LZG_x3(32 b) adds extra two tasks
method is efbcient for the whole benchmark. and performs dataf3ow optimization. LZG_x2(32 b) contains
Furthermore, the proposed four compression techniqué tasks and also applies dataBow optimization. Although
with different input and output widths outperform theusing this optimization method increases hardware resource
Xilinx compression métod by 14%D22% (30.17%D16.19 t@verhead, LZG_x3(32 b) achieves 23% higher decompression
30.17%D8.04%) for the 11 ODefaultO partial bitstreams shéfgughput than LZG_x1(32 b). This optimization also applies
in Fig. 15. Because of many repetitive patterns in the partiégl the RLE decoder.
bitstreams, the proposed four compression techniques ard) Hardware Resource Overheadable Il lists the hard-
more efbcient than Xilinx compression method for partiavare resource overhead of each compression decoder. With the
bitstreams. increasing data width of the compression decoder, the hard-
3) Decompression  Throughput: The decompression ware resource overhead increasccordingly. Compared with
throughput of the benchmark iBustrated in Table II. With RLE(8 b), RLE_x1(32 b) with 32-b inputboutput costs about
the increasing data width of the compression decoder, tBdimes registers and LUTs. LZG_x1(32 b) costs 2.03 times
decompression throughput increases accordingly. Comparedisters using area optimization method, but it costs 3.4 times
with LZG(8 b), LZG_x1(32 b) with 32-b inputboutputLUTs compared with LZG(8bit). The shift register in LZG
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WRLE_x3(32bi) O Xilinx Compression O Xilinx Compression+RLE_x3(32bit) we plan to include error checking and error reporting logic
40.00% 12.86% 15.70% within the compression decoders to improve reliability.
g 20,00 30.17%
=
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