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Abstract. The paper presents a comparative analysis of the effective-
ness of image compression methods. A preliminary review of possible
problems of representing numbers in binary code in the implementation
of software in high-level programming languages. The paper summarizes
the situations when the features of the representation of numbers in the
computer significantly affects the results of data processing in general and
images in particular. Test images of various degrees of saturation tested
in known works were used as test data for the analysis of the efficiency of
compression methods. Arrays of numerical data of test digital images were
obtained with the help of on-board cameras of modern small-sized non-
commercial drones. It is concluded that in the case of describing the origi-
nal numerical data as well as Double the implementation of compression
procedures in the C++ programming language. This choice is the best for
further practical implementation image compression by the UAV comput-
er for different methods. Image compression by the UAV computer in real
time can be used by method with zonal-threshold selection of coefficients
of fast two-dimensional Haar transformation.

Keywords: errors of image compression, programming languages, nu-
merical data, compression method, image transformation.

Introduction and statement of the problem

The aim of image compression is to solve the problem of reducing the
amount of data required for digital presentation. The basis of this process
is the removal of redundant data from the original array, which reproduces
the image in digital view. From a mathematical point of view, this is equiv-
alent to converting a two-dimensional data array into a statistically uncor-
related array. The compression conversion is applied to the original image
before it is saved or transmitted. Subsequently, the compressed data format
is unpacked and the original image or some approximation of it is restored.



6 ERRORS OF IMAGE COMPRESSION BY THE UAV COMPUTER BY DIFFERENT METHODS IN REAL TIME

The main reason for the problems of image compression in digital
data processing systems is the victory of the computing power of modern
processors over the capacity limitations of storage and data transmission
systems. Compression can reduce the load on data channels by convert-
ing them, which creates a load on the computer processor, because data
compression is associated with large amounts of mathematical calcula-
tions.

It seemed that by increasing the bandwidth of network equipment and
creating high-power computer data processing systems, the problem of
limited computer resources will be a thing of the past, but social network
users and technological progress are constantly evolving, leading to in-
creased computing and restoring the problem of computer resource con-
straints. various conditions. For example, in the case of computer image
processing by a drone, there are weight limitations. This does not allow
engineering to use modern high-performance systems with high-perfor-
mance processors as an on-board drone computer.

An overview of the errors in the presentation of
the original data by the on-board computer

Preliminarily consider a simplified scheme for presenting graphic in-
formation in a computer (Fig. 1) image field is covered with an 8x8 grid.
Compare bit 0 to those fields that are free from the image and 1 to those
that are covered by image elements. If each line is interpreted as a binary
number, the image can be written (encoded) in a sequence of eight decimal
numbers: 0, 4, 132. 254, 254, 4, 4, 0, or in hexadecimal: 00, 04, 84, FE, FE,
04, 04, 00 and store in computer memory as bytes. Representation of nu-
merical values in the form of bytes is the most rational in connection with
features of architecture of memory chips.

The main format for presenting data in modern computers is the for-
mat for presenting binary numbers in a floating point. The format for rep-
resenting binary numbers in a floating point is introduced by the IEEE754
standard [1, 2].

In engineering and programming, as a rule, 32 and 64 bit formats are
used. In VB, numerical data types are represented as single (32 bits) and
double (64 bits), and in C, C ++ — float (32 bits) and double (64 bits). The
rest of the IEEE754 number formats are an extended version of single-
precision.
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Figure 1. A fragment of a digital image in binary form

To represent a number in the single-precision IEEE754 format, you
must convert it to binary normalized form. To describe the procedure for
converting numbers to 32-bit IEEE754 format, it makes sense to consider
the appropriate steps:

— 1bitis reserved for the sign of a number: 0-positive, 1-negative. This
is the most significant bit in a 32-bit sequence;

— a bits of exponential representation follow, 1 byte (8 bits) are al-
located for this. The exponent can be, like a number, with a + or - sign,
although the meaning of these signs for the number, exponent and mantisa
is different. To determine the sign of the exponent, so as not to introduce
another sign bit, add a half-byte offset to the exponent. The offset exponent
is written to the allocated 8 bits;

— the remaining 23 bits are reserved for the mantissa. But, in a normal-
ized binary mantissa, the first bit is always 1, since the number lies in the
range 1 < = M < 2. There is no point in writing one to the allocated 23 bits,
therefore, the remainder of the mantissa is written to the allocated 23 bits.

The numbers presented in the IEEE754 format represent a finite set on
which an infinite set of real numbers is displayed. Therefore, the original num-
ber can be represented in IEEE754 format with an error. The graphical view of
the number representation accuracy error function is presented in [2].

The absolute maximum error for a number in IEEE754 format is with-
in half a step of the numbers. The step of the numbers doubles as the expo-
nent of the binary number increases by one. That is, the farther from zero,
the wider the step of numbers in the format IEEE754 on the numerical
axis. The step of the denormalized numbers is 2(¥'*) (Single) and 2(*'°7*)
(Double). Accordingly, the maximum absolute error limit for representing
the original decimal number will be 1/2 of the number step: 2(51%°) (Single)
and 2 (51°7) (Double).
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The relative error expressed as a percentage will be: (2(¥'*°)/F)*100%
(Single) and (2(¥'°7%)/F)*100% (Double).

The step of the normalized numbers is 2(5'*°) (Single) and 2('°7) (Dou-
ble). Accordingly, the limit of max. the absolute error will be equal to 1/2 of
the number step: 2(¥'*") (Single) and 2(¥'%7¢) (Double). The relative error in%
will be: (2(¥"5")/F)*100% (Single) and (2(%'7¢)/F)*100% (Double).

Thus, the main set of numbers in the IEEE754 format has a stable small
relative error.

The maximum possible relative error for the number Single is
272%100%=11,920928955078125¢°%. The maximum possible relative error
for the number Double is 2>

*100%=2,2204460492503130808472633361816¢74%.

For the case of image compression by the UAV computer by different
methods in real time, this means that there is a real threat of replacing the
original matrices of numerical data with close to them with completely
different conditionality numbers. Accordingly, small details of the original
image may be lost. The task of data processing itself acquires a different
nature and passes into the area, which is called incorrect tasks.

It should be noted that the IEEE754 standard provides four ways to
round numbers:
rounding tending to the nearest whole;
rounding tending to zero;

— rounding tending to + eo;
rounding tending to — co.

When converting numbers, you must select one of the rounding meth-
ods. By default for software products, this is the first method - rounding
to the nearest whole. Often in various devices use the second method —
rounding to zero. When rounding to zero, you just need to discard insig-
nificant digits of the number, so this method is the easiest in the hardware
implementation [2, 3, 4].

The IEEE754 standard is widely used in engineering and program-
ming. Most modern microprocessors are manufactured with a hardware
implementation of the representation of real variables in the IEEE754 for-
mat. The programming language and the programmer cannot change this
situation, there is no other representation of a real number in the micro-
processor. When the IEEE754-1985 standard was created, the representa-
tion of a real variable in the form of 4 or 8 bytes seemed very large, as the
amount of MS-DOS RAM was 1 MB. The program in this system could
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use only 0.64 MB. For modern operating systems, the size of 8 bytes is
negligible, however, the variables in most microprocessors continue to be
represented in the format IEEE754-1985 [2, 4].

Currently, educational resources on the Internet present a lot of mate-
rial on the features of the representation of numerical data in computers.
However, in the opinion of the authors, the most complete and demonstra-
tive from the point of view of estimating the values of transformation er-
rors of numerical data since 2012 remains [2, 4]. As part of the solution of
a number of applied problems, the authors considered some features of the
representation of numbers in computer systems of technical diagnostics,
navigation problems. An example of such work is [5, 6, 7].

To achieve the objectives of this work, it is advisable to summarize the
known facts of computer computational errors caused by the use of num-
bers in the IEEE754 format.

Errors related to the accuracy of representation of real numbers in
IEEE754 format. “Dangerous reduction”. This error is always present in
computer calculations. The reason for its occurrence is due to the lack of
significant discharges. The relative error value associated with the accuracy
of the representation has a dimension for single 10~ for double 10**. The
values of the absolute errors can be significant, for a maximum of single
1031 and double 10292, which can cause certain computational problems.

Interesting examples of specialized error calculations related to the ap-
plication of the IEEE754 standard are translated in [2, 4]. Thus, for the case
of errors related to the accuracy of the representation of real numbers, an
example of computer and mathematical calculation of the representation
of numbers is given.

For test examples, the relative error of the original numbers is approxi-
mately 3.24e7°%. As a result of one operation, the relative error of the result
became 800%, ie. increased by 2.5¢*® times. The author of this work called
such errors: “Dangerous reduction”. The term refers to a catastrophic de-
crease in the accuracy of calculations in an operation where the absolute
value of the result is much less than any of the input values of variables in
computer calculations.

As a rule, modern programmers do not take into account the possibil-
ity of these errors when using high-level programming languages. How-
ever, they can significantly affect the final results of the calculations, and
the user of the software product will sincerely believe in the correctness of
the results [5].
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Errors related to incorrect data type casting. “Wild mistakes”. The errors
are caused by the fact that the original number presented in single and dou-
ble format is usually not equal to each other. For example [2]: source number
123456789,123456789, with: Single: 4ACEB79A3=+123456792,0 (dec), Dou-
ble: 419D6F34547E6B75=+123456789,12345679104328155517578125. As
itis not difficult to determine the difference between Single and Double will
be: 2,87654320895671844482421875.

Therefore, it is fair to conclude that the variables and intermediate re-
sults of computer calculations should be reduced to one type of data, re-
gardless of the expediency of different descriptions of variables in terms of
saving memory in computations. Interestingly, similar requirements are
imposed on software products and programming language developers (eg:
C: ISO/EC9899: 1999). It should be noted that it is not enough to simply
reduce all source data to one type. It is also necessary to reduce the results
of intermediate operations to one type [2, 4].

The same source points to the fact that the result of the calculations
may depend on the type and version of the compiler of a particular lan-
guage. For test examples, the conclusion is made that the VC ++ compiler
automatically lists the types of variables, and an attempt to force them to
one type ends in a compilation error.

Calculation errors caused by failure to specify data types in [2] are pro-
posed to be called “wild mistakes” These errors in the implementation of
software products in high-level programming languages are due to igno-
rance of standards and programming theory (ie, poor basic education).
That is why we support the use of the word “mistakes” when referring to
such errors in the implementation of software products.

Mantiss shift errors. “Cyclic holes”. These errors are due to the loss of ac-
curacy of the result when the mantissa numbers on the numerical axis do
not intersect. If the mantises of numbers do not intersect on the numerical
axis, then the operations of addition and subtraction between these num-
bers are impossible.

According to the results of test examples, the shift error occurs if the
original normalized numbers have different exponents. If the numbers dif-
fer by more than 2 (for single) and 2 (for double), then the operations of
addition and subtraction between these numbers are not possible.

The maximum relative error of the operation result is approximately
5.96°%, which does not exceed the relative error of the number represen-
tation.
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The value of the relative error is small, but there are problems with
programming. First, at the specified numerical values of the initial data it is
possible to work with numbers only in a narrow range of a numerical axis
where mantises intersect. Second, for each initial number, there is a cycle
execution limit called a “cyclic hole”. That is, if there is a cycle in which the
original number is summed to the sum, then there is a numerical limit of
the sum for this number. The sum, having reached a certain value, ceases
to increase from its addition to the original number.

An example of a “cyclic hole” in an automatic control system is given
in [2].

Rounding errors. “Dirty zero”. In computer calculations, two types of
rounding are always implemented. Either the numerical value of the per-
formed arithmetic operation is rounded as a result of calculations and fea-
tures of data representation or rounding occurs with the output and input
of a real number in the window of operating system.

In the first case, the variable is rounded by one of the 4 types of round-
ing IEEE754, by default rounding occurs to the nearest whole. In this case,
the variable takes a new rounded value different from the actual value.

In the second case, Windows has the following problems [4, 8]; there is no
technical possibility to display or enter exact values of variables in windows
of the graphic interface of the user, there are serious errors like “dirty zero”.

Source [8] points to the fact that this kind of error often occurs in the
“operator-machine” interface for various commercial applications in high-
level programming languages. As a confirmation, this source indicates a
fragment of the interface of the “logistic weight program” when resetting
the container.

“Dirty zero” errors are situations where the numeric value of a vari-
able is not actually zero in the program code. Whereas when creating pro-
grams, a variable equal to zero is considered according to mathematical
relations. The relative error of the result is infinity.

In logical comparison operations, this non-zero can lead program ex-
ecution to another branch of the algorithm. If for cases of presence of the
interface of the operator there is a possibility to react to emergence of an
error, for cases of automated processing of digital data such possibility is
absent. This case includes image compression by the UAV computer by
different methods in real time.

Errors at the norm/denor limit of the number. “Numbers -net-killer”.
These errors occur when working with numbers that are on the border
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of the normalized representation of numbers. They are related to the
difference in the representation of numbers in the IEEE754 format and
in the difference in the formulas for translating the IEEE754 format
into real numbers. That is, devices (or programs) must use different al-
gorithms depending on the position of the real number on the numeri-
cal axis of the format. In addition to complicating devices and algo-
rithms, there is also uncertainty in the transition zone. The uncertainty
of the transition zone is that the standard does not specify a specific
value of the transition boundary. In fact, the transition boundary is
between two real numbers.

Since the boundary is a real number, its accuracy can be set indefinitely
and the digital device or program does not have enough bit to decide to
which range to assign this number.

In [2], as an example is the bug Ne 53632 for PHP, which caused panic
in early 2011.

Entering the number 2.2250738585072011e-** caused the process to
hang with almost 100% CPU usage. Other numbers in this range did not
cause problems. The same source indicates that the message about the bug
was received on 30.12.2010, the message about its correction by the de-
veloper was received on 10.01.2011. Since the PHP preprocessor is used
by most servers, any network user had the opportunity to “cut down” any
server within 10 days. According to the developers, this bug only works in
32-bit systems. It is suggested that if you increase the accuracy of the limit
number, modern 64-bit systems will also hang. Although for commercial
reasons, the developers deny this possibility. The reason for the denial is
clear: any user of the network, with a certain level of persistence, has the
potential to “cut down” most of the information resources of the world
community within ten days.

Comparison of image compression methods

Errors of image compression by the UAV computer by different meth-
ods in real time. The description of the problem of presenting numerical
data led to restrictions on further comparative analysis errors of image
compression by the uav computer by different methods in real time.

As models of image compression and recovery procedures, their soft-
ware implementations in the C++ programming language were used. The
elements of the test images were represented by 32-bit code. Both original
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and restored images were recorded. The evaluation of compression meth-
ods for efficiency was carried out on the basis of private indicators, which
include:

- O - is the standard deviation of the restored image;

- K,,_ - is the number of addition/subtraction operations when per-
forming compression-recovery operations;

- K,,, - is the number of multiplication / division operations when
performing compression-recovery operations;

— 1, - is the time of transformation of the original image (from the
moment of reading the original image to writing to the file of the obtained
compressed sequence);

— K, - is the compression ratio of the original image.

The modified method of arithmetic coding with a fixed model of im-
age compression (szsdv&iqrp) [10, 11] was tested in the following variants:
with (szsdv&iqrp+) and without (szsdv&iqrp-) subquantization and using
zonal-threshold selection at different values of the image quality restora-
tion parameter (szsdv & iqrp).

The original images were used in the standard 4: 3 format with a dimen-
sion of 640 x 480 image samples, which allowed when dividing the image
into 8 x 8 blocks to obtain an integer number of blocks and avoid the recov-
ery error introduced by the addition of samples of the original image.

When performing research, a comparative evaluation of image com-
pression efficiency [12, 13, 14, 15] for varieties of the method with zonal
threshold selection and compression methods widely used in practice in
image processing, such as:

— JPEG [16, 17], which includes two-dimensional discrete-cosine
conversion of samples of the original image;

— JPEG-2 [15], which includes wavelet transform and statistical coding
when changing the parameter “compression” in the range from 0 to 100;

— WI, which includes performing wavelet transform and statistical cod-
ing when changing the parameter “compression” in the range from 0 to 100.

In the general case, the transformation of the image by the algorithms
of the JPEG method involves the following steps:

— change of color space of representation of RGB samples on YCrCb;

— two-dimensional discrete-cosine transformation of samples of the
original image;

— quantization of the transformant in accordance with the selected
parameter “compression” in the range from 0 to 100;
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— coding of series lengths (RLE) of the obtained sequences;

— Huffman statistical coding;

In the methods JPEG, JPEG-2, the “compression” (Z) parameter is
used to control the compression ratio.

A separate comparison is made with image compression methods,
which implement procedures similar to those used in the compression
method with zonal-threshold selection. Such methods include compres-
sion methods based on the zonal selection of the coefficients of two-di-
mensional discrete-cosine transformation (2-ddcost) [19] and the zonal
selection of the coefficients of fast integer two-dimensional Haar transfor-
mation (zscfastint2-dtHaar).

The analysis of the values K, and & obtained when processing images
with different degrees of saturation, depending on the values of Z, showed
that the analyzed compression methods provide ¢ of less than 3% with Z
values less than 70, 60 and 50 when processing low-, medium- and highly
saturated images respectively.

Compression ratios for this value ¢ range from 3 to 25 times for the
JPEG method, from 5 to 35 times for JPEG-2000, and from 5 to 30 times
for WI. Note that when using the WI compression method at compression
values of 50 and 70, significant compression ratios were obtained (of the
order of 50-80 times), but the 0 value in this case increases 2-3 times in
relation to the o values of the JPEG methods. The analysis of the results
of image compression shows that the JPEG-2000 method was the most ef-
fective in terms of o and K.

Analysis of indicators for compression methods 2-ddcost, zscfastint2-
dtHaar showed that the methods provide O less than 3% at values of
W, > 5 when processing highly saturated images and at values W > 3 for
low- and medium-saturated images. Compression coefficients for such an
o value lie in the intervals: from 1 to 12 times for the 2-ddcost method,
from 1.8 to 18 times for zscfastint2-dtHaar, from 1.8 to 23 times for the
szsdv &iqrp method.

With WS =1 and 2, the RMS value increases sharply, so it is advisable
to use such values of the quality parameter only to obtain large compres-
sion ratios. This conclusion confirms the results for the known test data
[11], however, it requires verification for other images, where the numeri-
cal values of the intensity of the color components have different sizes.

Analysis of the nature of the change in compression ratios shows that
when processing “low-saturated” images, the szsdv&iqrp method [10]
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provides less compression at WS = 5-10 than the 2-ddcost compression
method with zonal selection. However, when using the 2-ddcost method,
much worse O values were obtained for szsdv & iqrp method.

In [11], this is due to the presence of a large number of “natural” ze-
ros, i.e. zero values of the conversion coefficients before selection. We can
conclude that the selected test images are inadequate for the totality of all
possible situations. When processing medium and highly saturated im-
ages, the szsdv & iqrp method provides high values of K..

In a comparative analysis of compression methods, the ratio of the ob-
tained K, and o is of greatest interest. The main tasks of image processing
in the interests of object recognition, therefore, will analyze those settings
of compression methods at which the o value takes on a value of no more
than 2%. The analysis shows that the JPEG-2 compression method is char-
acterized by the best K, /o ratio. In addition, it should be noted that the
maximum values of the compression ratios for such methods as JPEG,
JPEG-2, W1 are significantly superior to other compression methods.

Since the evaluation of the compression parameters — K, and & for
images with different degrees of saturation is carried out using a limited
number of experiments (n = 900), then the error of the method itself is
introduced into the determination of these parameters.

The values of the probability that the error will not exceed in the as-
sessment of K, and 0 - P are presented in table 1.

Table 1. - Values of the probability P for the investigated
compression efficiency indicators for the test case

K, o
p=095 | q=005 | n=900 | p=09 | g=01 | n=900
P=0,99 P=0,95

The values given in the table based on the results [11] are estimates,
since one value of the number of tests is taken into account. The depen-
dence of the studied parameters of image compression on the number of
results is subject to further study.

Computational complexity is an important parameter for comparing
image compression methods that characterize the time of their implementa-
tion. To determine its value, two approaches are used: an estimation of the
number of elementary operations performed (addition, subtraction, mul-
tiplication, division, etc.) or the execution time of the method procedures.
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When using the first approach, addition/subtraction and multiplication/
division operations are considered separately. This is due to the fact that to per-
form multiplication/division operations, more clock cycles of computational
elements are required and their technical feasibility is more complicated. So,
when processing images by the analyzed methods, it is necessary to perform:

When using the first approach, addition/subtraction K, and multi-
plication/division K, operations are considered separately. This is due to
the fact that to perform multiplication/division operations, more clock
cycles of computational elements are required and their technical feasibil-
ity is more complicated. So, when processing images by the analyzed meth-
ods, it is necessary to perform:

14680064 operations addition/subtraction and 16777216 operations
multiplication/division when using the method based on the 2-ddcost
transformation;

3670016 operations addition/subtraction and 2097152 operations
multiplication/division when using the method based on the zscfastint2-
dtHaar transform method;

5155016 addition/subtraction operations and 3582152 multiplica-
tion/division operations when using the szsdv &iqrp transform method.

Thus, the computational complexity of the image compression method
szsdv&iqrp is 5 times less than that of the method based on 2-ddcost trans-
formation, but about 1.5 times more than with zscfastint2-dtHaar trans-
form. This is due to the need to carry out additional calculations to find the
threshold of the breeding. However, the proposed method provides higher
compression ratios with lower o compared to the zscfastint2-dtHaar
transform method.

An analysis of the computational complexity of image compression
methods from a practical point of view, in terms of the number of opera-
tions performed, is not advisable and is of interest in studying the com-
puter implementation of mathematical methods.

Evaluation of the effectiveness of compression methods from the point
of view of the expediency of using image compression by the computer
UAV in real time procedures will be carried out according to the value
of the time for transforming an image into a file. By the time indicator of
compression methods we mean the time spent on the execution of com-
pression procedures [11].

The time depends on the computational complexity of the compres-
sion procedures used, on the performance of computational elements and
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storage devices, as well as on the efficiency of the program code that imple-
ments the algorithm in the software implementation of the compression
method [19]. In (Fig. 2) shows the results of a comparative analysis of the
compression time of images by the known algorithms JPEG, JPEG-2, WI
and software implementation szsdv &iqrp transform method.

It should be noted that the szsdv &iqrp procedures for arithmetic op-
erations are integer. In terms of the study errors in the presentation of the
original data by the on-board computer, this is a significant advantage.

At the same time, according to the sources [3, 9, 10, 11], allows obtain-
ingat o <3%:

— for a highly saturated image K, =3.5 times;

— for the medium-saturated image K, =7 times;

— for the low-saturated image K, =23 times.

The use of subquantization of coefficients in direct transformation ac-
cording to the Haar basis makes it possible to increase the compression
ratio by reducing the dynamic range of the conversion coeflicients in rela-
tion to the range of samples of the original image. However, this leads to a
significant increase in the values of the standard deviation. At sub-quanti-
zation levels V' =1 or 2, the compression ratio increases by 10-25% due to
a decrease in the alphabet of the encoded source.

0 T T T
JPEG 2000 Wi JPEG Xaar

Figure 2. Time of images compression for different methods

It should be noted that the proposed recommendations for choosing the
values of the parameters of the developed compression method make it pos-
sible to minimize the visibility of introduced distortions in the processed
images when reaching relatively low compression ratios 5.5-10 times.
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Conclusions

1. It is false to believe that floating-point calculations are within the
relative error of representing the largest number. The magnitude of errors
is cumulative. Numerical values are added to each other. The postulate of
metrology on mutual error compensation during data averaging does not
work in the case of computer processing of decimal data.

2. When processing data by programs written in high-level program-
ming languages with converting values from decimal to binary number
system, the tendency of the averaged value of the measurement results to
the true value of the physical quantity does not occur. Errors such as dirty
zero and dangerous reduction make the amount of computational error
unacceptable. When programming computer calculations, special atten-
tion should be paid to the transformation of values close.

3. The main job of programmers is to deal with errors, and not in math-
ematical solutions to the problem. The programmer needs to calculate the
error of the result in each cycle in order to take it into account in the next
cycle. The programmer must be absolutely prepared for the fact that some
basic concepts of mathematics are not carried out in calculations in the
IEEE754 format. For example, the rules of algebraic commutativity (a + b) +
+ ¢ =(a+ ¢) + b are usually not met in such calculations. Unfortunately, in
modern fundamental mathematics education, little attention is paid to this is-
sue, leaving the solution of the toolbox problems to the applied programmer.

4. The results of various independent studies presented in the work
allow us to conclude that the selected test images are inadequate for the
totality of all possible situations.

5. The values given according to the results of [11] are estimates, since
one value of the number of tests is taken into account. The dependence of
the studied parameters of image compression on the number of results is
subject to further study.
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