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Abstract
The control system can interface, integrate, and manage the software and hard-
ware systems of radio telescopes. Serialization tools within the control system
can encode and decode information transmitted among different devices, operat-
ing systems, programming languages, and networks in radio telescopes, thereby
enhancing data transmission efficiency between systems. This paper analyzes
and compares the encoding principles and characteristics of three binary serial-
ization tools—Msgpack, Protobuf, and Flatbuffers, and evaluates their serialized
data size, serialization time, and CPU utilization through a case study. The
results demonstrate that Msgpack’s overall performance is superior to that of
Protobuf and Flatbuffers, making it suitable for encoding and decoding informa-
tion transmitted between radio telescope systems with long development cycles
and evolving requirements.
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Abstract: The control system serves as a critical component that connects,
integrates, and manages the software and hardware systems of radio telescopes.
Serialization tools within the control system encode and decode information
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transmitted between different devices, operating systems, programming lan-
guages, and networks in radio telescopes, thereby enhancing data transmission
efficiency between systems. This paper analyzes and compares the encoding
principles and characteristics of three binary serialization tools—Msgpack, Pro-
tobuf, and Flatbuffers—and tests their serialized data size, serialization time,
and CPU utilization through a practical example. The results demonstrate that
Msgpack offers superior overall performance compared to Protobuf and Flat-
buffers, making it suitable for encoding and decoding transmission information
between radio telescope systems with long development cycles and evolving re-
quirements.

Keywords: radio telescope; binary serialization tool; control system; encoding;
decoding

0 Introduction
Radio telescopes are the cornerstone of radio astronomy research, comprising
systems such as antennas, receivers, terminals, monitoring, and control. Among
these, the control system with connection, integration, and management func-
tions constitutes an essential component of radio telescopes. Data exchange
represents a fundamental function of control systems, which must ensure sta-
bility and reliability while maintaining efficiency and universality in telescope
control and multi-terminal data exchange. For the QTT (Qitai 110-meter Radio
Telescope) to be constructed in Qitai County, Xinjiang, the communication data
size between devices depends on the observation band and mode. The single-
communication data volume between them is generally less than 1KB. The
antenna servo control has the most frequent data communication, with an ex-
change frequency of approximately 20Hz and a single data exchange size of about
200B. Other devices have a data exchange frequency of about 1Hz. When the
active surface is operational, its data communication volume is approximately
10KB, while electromagnetic monitoring typically generates 10KB–100KB of
data. The QTT control system plans to adopt a distributed architecture, with
data exchange between subsystems encompassing multiple approaches, such as
information transmission between Linux, Windows, VxWorks, Unix, and em-
bedded systems; information transmission between network big-endian mode
and machine little-endian mode; and information exchange between C++ and
Python.

When machines with big-endian and little-endian architectures transmit infor-
mation, the bytes of long-type data are swapped. To address data exchange for-
mat issues between systems, serialization tools encode transmission information
between radio telescope systems into a unified format. Therefore, serialization
tools serve as the foundation for transmission information formats in control
systems, enabling information transfer between software and hardware systems
of radio telescopes.

Existing radio telescope control systems predominantly employ serialization
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technology. For instance, the ALMA control system architecture combines the
text serialization tool XML as the foundation for encoding and decoding control
system transmission information. The ASKAP monitoring and control system
utilizes serialization technology provided by the Internet Communications En-
gine (ICE) to handle transmission information formats between different radio
telescope hardware and software systems. The GMRT monitoring and control
system is based on the Tango control system, combined with XML to implement
system transmission information encoding and decoding. To address informa-
tion transmission format issues between telescope control systems, Deng Hui et
al. proposed a communication framework for telescope automatic control sys-
tems based on the communication middleware ZeroMQ and the text serialization
tool JSON.

Regarding serialization tools, XML and JSON are text-based serialization tools
widely used in internet software systems and for data exchange between appli-
cation and service layers in early radio telescope control systems. However, in
radio telescope control system applications, XML and JSON exhibit certain lim-
itations, such as high memory usage, potential loss of data type precision, and
difficulty in achieving data exchange between 底层 device drivers and services.
Consequently, binary serialization tools such as Msgpack, Protobuf, and Flat-
buffers have gradually replaced text-based tools for communication between 底层
and service layers in experimental physics facilities and radio telescopes, as they
better address issues like data precision loss and exchange efficiency between 底
层 and service layers. This paper focuses on analyzing the encoding principles
and characteristics of three binary serialization tools—Msgpack, Protobuf, and
Flatbuffers. Through testing and comparison of their serialized data size, se-
rialization time, and CPU utilization, and considering 底层, service layer, and
application layer requirements, we aim to select a suitable serialization tool for
radio telescope control systems to improve information transmission efficiency
and ensure uniformity and compatibility of information transmission formats
across radio telescope systems.

1 Serialization Tools
Serialization tools consist of encoding (also called serialization) and decoding
(also called deserialization). Serialization encodes structured data (or objects)
into byte streams, while deserialization restores byte streams to their original
structured data (or objects).

When building radio telescope control systems using serialization tools, it is
necessary to analyze their encoding principles and characteristics, as different
encoding methods affect serialized data size, serialization time, and CPU uti-
lization. The subsequent sections of this chapter will analyze the encoding
principles of Msgpack, Protobuf, and Flatbuffers using the JSON data shown
in Figure 1 [Figure 1: see original paper] as an example.
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1.1 Msgpack

Msgpack (also known as MessagePack) is a multi-language, cross-platform bi-
nary serialization tool with dynamic compilation capabilities. The byte stream
after encoding objects (or structured data) is compact and concise, consisting
of header bytes, prefix bytes, and data bytes. Header bytes indicate the data
type and number of types that follow; prefix bytes indicate the subsequent data
type; and data bytes represent the content of objects, such as basic types (bin,
float, uint), structured types (str, array, map), and extended types (ext, fixext).
Notably, the string type (str) does not use any markers (or escape characters)
to indicate content termination. Msgpack employs two encoding methods:

The first method encodes key-value pairs using Msgpack (abbreviated as MSGP-
M), which requires encoding the key first, followed by the value.

Figures 2 [Figure 2: see original paper] and 3 [Figure 3: see original paper] re-
spectively illustrate the logical diagram and byte stream diagram after MSGP-M
encodes the JSON data from Figure 1. The logical diagram represents the data
structure after encoding, while the byte stream diagram shows the sequential
order of bytes after encoding. For example, 83 is the first byte. The byte stream
comprises seven parts: 1) The first byte (83) has its first four bits (1000) indi-
cating the data type as map, and the last four bits (0011) indicating three map
objects follow; 2) The second byte is the prefix byte for the key of the first map
object (A5), indicating five string objects follow. Bytes 3–7 represent the key
value“names”in ASCII; 3) Byte 8 (A5) indicates five strings follow. Bytes 9–13
use ASCII to represent the string“zhang”; 4) Byte 14 represents the prefix byte
for the key of the second map object (A3), indicating three strings follow. Bytes
15–17 represent the string “num”in ASCII; 5) Byte 18, the prefix byte for the
value of the second map object (CD), indicates an unsigned integer of two bytes
follows. Bytes 19–20 represent the number 1331 in big-endian mode; 6) Byte 21
represents the prefix byte for the key of the third map object (A8), indicating
eight strings follow. Bytes 22–29 use ASCII to represent the string“descript”; 7)
Byte 30 (AF) is the prefix byte for the value of the third map object, indicating
15 strings follow. Bytes 31–45 represent the string “inthefirstnicks”.

The second method uses Msgpack to encode only the values in JSON format,
with serialization results represented as arrays. This Msgpack variant is abbre-
viated as MSGP-D.

After MSGP-D encodes the JSON format from Figure 1, the logical diagram
and byte stream diagram correspond to Figures 4 [Figure 4: see original paper]
and 5 [Figure 5: see original paper], respectively, comprising four parts: 1)
The first byte (0X93) indicates three array objects follow; 2) The second byte
(0XA5) indicates five strings follow. Bytes 3–7 use ASCII to represent the
string “zhang”; 3) Byte 8 (0XCD) indicates a 16-bit unsigned integer follows.
Bytes 9–16 represent the number 1331 in big-endian binary form; 4) Byte 11
(0XAF) indicates 15 strings follow. Bytes 12–26 use ASCII to represent the
string “inthefirstnicks”.
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1.2 Protobuf

Protobuf (PB) is an open-source, multi-language, cross-platform binary seri-
alization tool that provides an Interface Description Language (IDL). When
Protobuf encodes transmission information, it is necessary to define keys and
fields (data types) in the IDL to generate code for specific programming lan-
guages such as C++ and Python. After encoding data with Protobuf, the
resulting byte stream consists of keys, prefix bytes, and data bytes. Keys are
divided into field numbers and wire types. Field numbers mark frequently used
(or repeated) elements as 1–15 and less common elements as 16–2047. Wire
types include string, float, etc. Keys uniquely mark data types in IDL files, and
marked data types cannot be changed.

Figures 6 [Figure 6: see original paper] and 7 [Figure 7: see original paper]
respectively show the logical diagram and byte stream diagram after Protobuf
encodes the JSON data from Figure 1. The byte stream occupies 27 bytes and
consists of three steps: 1) Bits 2–5 of the first byte (0A) (0001) represent the
field number, while the last three bits (010) indicate the wire type as string.
The second byte (05) indicates five string objects follow. Bytes 3–7 represent
the string “zhang”in ASCII; 2) Byte 8 (10) indicates an integer follows. Bytes
9–10 represent the 16-bit unsigned integer 1331 in little-endian mode; 3) Byte 11
(10) indicates a string follows. Byte 12 (0F) indicates 15 strings follow. Bytes
13–27 represent the string “inthefirstnicks”.

1.3 Flatbuffers

Flatbuffers (FB) is a multi-language, cross-platform binary serialization tool
that provides IDL. Flatbuffers offers excellent compatibility: when new features
are added, new fields can only be appended to the end of the IDL file, and
old fields remain readable; the data format in memory is consistent with the
encoded format; and the deserialization process supports “zero-copy”for rapid
data reading. Flatbuffers serialized byte streams include scalars (int, string) and
vectors (struct, table). Scalars consist of fixed-length integers (8-bit to 64-bit)
and floating-point numbers represented in little-endian mode. Vectors consist
of strings and arrays, beginning with a 32-bit VECTOR SIZE indicating the
vector length—excluding ‘\0’and its own space. The only difference between
strings and arrays is that strings include a terminator ‘\0’.

Figure 8 [Figure 8: see original paper] shows the result of Flatbuffers encoding
the data from Figure 1. The byte stream occupies 62 bytes and consists of seven
parts: 1) Bytes 1–4 represent the root offset (10 00 00 00), which offsets 16 bytes
to the encoded data. Bytes 5–6 (00 00) serve as alignment padding; 2) Bytes 7–
8 (0A 00) represent the vtable size in bytes, including space occupied by vtable
size, object size, offset num, offset descript, and offset names. Bytes 9–10 (10
00) represent the object size offset, indicating the space offset for storing data in
the table, including vtable offset, int offset, 1331, and string offset. Bytes 11–12
(04 00) represent the offset for num, indicating that offset only needs to move 4
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bytes to find num’s offset. Bytes 13–14 (08 00) represent the offset for descript,
which can be found through vtable offset and int offset. Bytes 15–16 (0C 00)
represent the offset for name, indicating the name object follows after vtable
offset, int offset, and string offset; 3) Bytes 17–20 (0A 00 00 00) represent the
vtable offset, which has the same size as vtable size, except the latter occupies
2 bytes. Bytes 21–28 represent the prefix for num and the number 1331 in little-
endian mode. Bytes 29–32 (0F 00 00 00) indicate the subsequent type is string.
Bytes 33–36 (0F 00 00 00) indicate 15 strings follow. Bytes 37–52 contain 15
ASCII characters representing“inthefirstnicks”and a terminating character“\0”
. Bytes 53–62 follow the same encoding principle as bytes 33–52.

1.4 Analysis and Comparison of Encoding Principles

Among the three binary serialization tools, Msgpack does not use IDL to prede-
fine data structures and allows manual field writing with two encoding methods.
Protobuf and Flatbuffers define transmission information fields in IDL, use IDL
compilers to generate corresponding programming language interfaces, and have
only one encoding method. The three tools employ different encoding princi-
ples, resulting in different byte stream sizes after encoding. Msgpack-encoded
byte streams contain only header bytes and corresponding prefix and data bytes.
Protobuf byte streams contain corresponding keys, prefix bytes, and data bytes,
where only data types use keys and data bytes. Flatbuffers serialized byte
streams are consistent with data storage formats in memory. Flatbuffers byte
streams include not only prefix and data bytes but also non-content bytes such
as root offset, object size, and vtable offset. When encoding the same data
format, MSGP-M serializes all data in JSON format, resulting in larger space
occupation. MSGP-D produces the most compact byte stream, with only header
and prefix bytes not representing information. Protobuf occupies slightly more
space, with non-information content comprising only corresponding keys and
prefix bytes. Flatbuffers occupies the most space, with byte streams containing
substantial non-data information.

2 Experimental Results and Analysis
Msgpack, Protobuf, and Flatbuffers operate not only on Linux, Windows, and
other operating systems but also support programming languages such as C,
C++, and Python. However, control system development often employs multi-
ple programming languages, with C and C++ used for 底层 driver development
and communication, and Python for server-side development and astronomer
data processing. Therefore, for testing the three binary serialization tools, the
test environment used a 2.0GHz Intel Core i7-4750 CPU, 8GB memory, and
Ubuntu 16.04 operating system. The compilation environment used GCC ver-
sion 5.3.1 and Python version 3.7.3. The versions of Msgpack, Flatbuffers, and
Protobuf were 1.2.1, 1.1.0, and 3.7.1, respectively.

Figure 9 [Figure 9: see original paper] displays a data exchange format showing
the encoding of radio telescope status information in the control system. “Tel-
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Status”represents the radio telescope status information, primarily including
antenna azimuth flag “AzFlag”, antenna elevation flag “ElFlag”, subsystem
time flag“TimeFlag”, telescope status flag“ServerFlag”, and antenna position
flag“PositionFlag”.“Weather”represents meteorological information around the
observatory site, such as meteorological equipment status, date, wind tower, me-
teorological instruments, and wind rose diagram.“WindTower”describes the five
elements of meteorological instruments: temperature, pressure, humidity, wind
speed, and wind direction. “Plot”represents the wind rose diagram for statis-
tical analysis of wind direction and speed around the site over a period. The
control system performs only one encoding/decoding operation on transmitted
data. Since the transmitted data includes floating-point and double-precision
data, the encoded data cannot be transmitted using ASCII encoding in the con-
trol system. The following tests use the data shown in Figure 9 to evaluate the
serialized data size, serialization time, and CPU utilization of the three binary
serialization tools using C++ and Python.

2.1 Serialized Data Size

Msgpack has two encoding/decoding methods, capable of encoding/decoding
both key-value pairs and values in JSON format. Testing the data from Figure 9
with the three binary serialization tools yielded byte stream sizes of 713B, 460B,
520B, and 794B for MSGP-M, MSGP-D, Protobuf, and Flatbuffers, respectively.
Therefore, serialized data size is closely related to encoding principles. MSGP-M
occupies more space than MSGP-D because MSGP-D only encodes the values
from Figure 1. The MSGP-D byte stream represents only a header byte and
corresponding prefix and data bytes, while the Protobuf byte stream contains
corresponding keys, prefix bytes, and data bytes. Flatbuffers occupies more
space because it encodes not only values from key-value pairs but also non-data
values such as root offset, int offset, and float offset. Consequently, MSGP-D
produces a more compact output format and occupies less space than Protobuf
and Flatbuffers.

2.2 Serialization Time

The different encoding/decoding principles of Msgpack, Protobuf, and Flat-
buffers result in variations in serialization and deserialization time. Using Figure
9 as an example, after 100,000 iterations, the average single-operation serializa-
tion times are detailed in Figure 10 [Figure 10: see original paper]. MSGP-M
(C++) has a serialization time of 22.425 microseconds and deserialization time
of 52.491 microseconds; Python has a serialization time of 15.566 microseconds
and deserialization time of 10.896 microseconds. In C++, serialization time
is shorter than deserialization time, while in Python, serialization time is also
shorter than deserialization time. This occurs because C++ has many basic data
types, resulting in longer decoding time, whereas Python has fewer basic types
and better matches key-value pairs, resulting in shorter decoding time. MSGP-
M (C++) has a longer serialization time of 22.425 microseconds compared to
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MSGP-D (C++) at 15.566 microseconds because MSGP-M needs to encode key-
value pairs while MSGP-D only encodes values. The same principle applies to
decoding. Protobuf (C++) has a serialization time of 10.514 microseconds and
deserialization time of 17.163 microseconds; Python has a serialization time of
86.506 microseconds and deserialization time of 62.431 microseconds. The seri-
alization and deserialization times for each programming language are similar,
determined by Protobuf’s IDL. Flatbuffers (C++) has a serialization time of
5.446 microseconds and deserialization time of 0.344 microseconds; Python has
a serialization time of 203.718 microseconds and deserialization time of 2.130
microseconds. Flatbuffers has longer serialization time than deserialization time
because the encoded byte stream format is consistent with the in-memory data
format, requiring virtually no time for deserialization—only I/O reading time.

As shown in Figure 10, for the same binary serialization tool across different
programming languages, Flatbuffers (C++) serialization time is 40 times faster
than Python’s. Protobuf (Python) serialization time is more than 8 times that
of C++. The serialization and deserialization times for MSGP-M or MSGP-D
using the same encoding method are similar between C++ and Python, avoiding
imbalance due to programming language differences.

2.3 CPU Utilization

CPU utilization during program execution affects performance. Testing the
three binary serialization tools using the data shown in Figure 9 yielded the re-
sults in Table 1 . The table shows that whether using C++ or Python, Msgpack
encoding/decoding CPU utilization is approximately 12.4%. Protobuf CPU uti-
lization is also 12.4% for both C++ and Python. However, Flatbuffers encoding
and decoding CPU utilization differs significantly. During encoding, Flatbuffers
Python CPU utilization reaches 25.9%, far exceeding that of Msgpack and Pro-
tobuf during encoding in both C++ and Python. During decoding, Flatbuffers
CPU utilization is slightly lower than Msgpack and Protobuf. Therefore, Msg-
pack and Protobuf are suitable for scenarios where both server and client have
sufficient memory, while Flatbuffers can be applied where server memory is
adequate but client memory is limited. However, in practical radio telescope
control system applications, server and client memory configurations are similar.
In terms of CPU utilization, the overall performance of Msgpack and Protobuf
is significantly better than Flatbuffers.

Table 1 CPU utilization of three binary serialization tools

Tool MSGP-M MSGP-D Protobuf Flatbuffers
Python encode CPU usage 12.45% 12.44% 12.38% 25.9%
Python decode CPU usage 12.5% 12.37% 12.48% 12.21%
C++ encode CPU usage 12.4% 12.36% 12.37% 12.57%
C++ decode CPU usage 12.48% 12.4% 12.47% 11.82%

chinarxiv.org/items/chinaxiv-202103.00108 Machine Translation

https://chinarxiv.org/items/chinaxiv-202103.00108


3 Conclusion
This paper analyzed and compared the encoding principles and characteris-
tics of Msgpack, Flatbuffers, and Protobuf, and conducted tests and analysis.
Msgpack does not require IDL; developers only need to write code to imple-
ment encoding/decoding functionality. Flatbuffers and Protobuf use IDL to
encode/decode transmitted information. When encoding/decoding the same in-
formation, MSGP-D’s byte stream size and multi-language serialization time
outperform Protobuf and are significantly better than Flatbuffers. MSGP-M
offers advantages for encoding small data with significant requirement changes,
as it can encode/decode key-value data in any order for the same data, whereas
Protobuf and Flatbuffers cannot decode such approaches. According to the de-
velopment requirements of radio telescope control systems, when communication
data formats are determined, MSGP-D can be used; when communication data
formats change frequently, MSGP-M can be employed. In summary, through
analysis of the three binary serialization tools, Msgpack is more suitable for in-
formation transmission in radio telescope control systems, facilitating informa-
tion exchange between hardware systems, software systems, operating systems,
programming languages, and networks of radio telescopes, and providing good
extensibility and portability.
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