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Abstract: In this paper we introduce a software package, the Very long baseline interferometry Network
SIMulator (VNSIM), which provides an integrated platform assisting radio astronomers to design Very
Long Baseline Interferometry (VLBI) experiments and evaluate the network performance, with a user-
friendly interface. Though VNSIM is primarily motivated by the East Asia VLBI Network, it can also be
used for other VLBI networks and generic interferometers. The software package not only integrates the
functionality of plotting (u, v) coverage, scheduling the observation, and displaying the dirty and CLEAN
images, but also adds new features including sensitivity calculations for a given VLBI network. VNSIM
provides flexible interactions on both command line and graphical user interface and offers friendly support
for log reports and database management. Multi-processing acceleration is also supported, enabling users
to handle large survey data. To facilitate future developments and updates, all simulation functions are
encapsulated in separate Python modules, allowing independent invoking and testing. In order to verify
the performance of VNSIM, we performed simulations and compared the results with other simulation
tools, showing good agreement.
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1. INTRODUCTION

The East Asia Very Long Baseline Interferometry
(VLBI) Network (EAVN, An et al. 2018), consisting
of 21 radio telescopes in China, Japan and Korea, has
performed astronomical observations since mid–2018.
The diverse sub-array configurations and frequency se-
tups of the EAVN allow to cover a wide range of re-
search areas including astronomical masers (e.g. hy-
droxyl, methanol, water and SiO masers in Galactic
objects and extragalactic megamasers), active galactic
nuclei (AGN), pulsars and transients (e.g. supernovae,
gamma-ray bursts), space exploration, astrometry and
geodesy. The EAVN is expected to promote regional
collaborations in East Asia. Such academic collabora-
tions will offer great opportunities for new discoveries
in astronomy and space science, and form a successful
model for international academic collaborations with a
sustainable operation scheme.

Along with the formal operation of the EAVN, a
set of user assistance software packages, having func-
tions for evaluating the network performance, would be
needed and helpful for users to prepare proposals and is
also necessary for expanding the user community. The
diversity and versatility of the EAVN configurations de-
mand such a tool to be sufficiently flexible and expand-
able for future development.

Currently, there are several auxiliary tools widely
used in the VLBI community for different purposes.
SCHED (Walker 2015) is designed by the National Ra-
dio Astronomy Observatory (NRAO) of the USA and is

Corresponding author: T. An

mainly used for scheduling VLBI observations. It sup-
ports plotting the (u, v) coverage of a given array and
time range, displaying the corresponding dirty beam
and the change of telescope elevation angle with time,
thus assisting astronomers in choosing preferable tele-
scopes. SCHED can also show multiple source scans in
time sequence, which facilitates the arrangement of time
blocks to optimize the (u, v) coverage within the allo-
cated time period. Since SCHED is configured through
importing a pre-defined file in keyin free format, any pa-
rameter change or setup adjustment requires restarting
the program. SCHED is written in the FORTRAN pro-
graming language and lacks the flexibility to adapt to
new VLBI telescopes. European astronomers are devel-
oping new interfaces in order to support the globalisa-
tion of VLBI.1 Another widely-used software, Difmap
(Shepherd 1997), is a successor of the Caltech VLBI
package (Readhead & Wilkinson 1978; Readhead et al.
1980). Its characteristic features are interactive opera-
tions including editing, hybrid imaging, self-calibration,
and automated pipeline capacities. Difmap provides
both a scripting language and commands for operations.
Although these software packages are still widely used
in the VLBI community, their architectures and algo-
rithms are outdated. Upgrades based on advanced pro-
graming languages such as Python are preferrable. For
example, the aperture synthesis simulator (APSYN-
SIM) (Mart́ı-Vidal 2017) is a Python-based software
package, providing an interactive tool to visualize the
aperture synthesis and perform educational-level simu-

1JUMPING JIVE: http://jumping.jive.eu
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Figure 1. The software framework of VNSIM. This diagram shows the structure of the graphical user interface. Detailed
description of the main functions are given in Section 3. VNSIM currently comprises six function clusters including 14
sub-functions in total.

lations which are helpful for non-radio astronomers.

Besides these auxiliary tools for ground-based
VLBI networks, some other software packages were
developed with extra functions tailored to support-
ing space VLBI. These include: the Space VLBI As-
sistance Software (SPAS) developed by the Satellite
Geodetic Observatory of the Institute of Geodesy (Frey
et al. 1998), and Fakesat (Smith et al. 2000) for the
VLBI Space Observatory Programme (Hirabayashi et
al. 2000) proposal preparation; the Astronomical Ra-
dio Interferometer Simulator (ARIS) developed by the
Japan Aerospace Exploration Agency (Asaki et al.
2007, 2009) for Japan’s second-generation space VLBI
project VSOP2, which adds some new functions to as-
sess the impacts of a variety of error sources on the
image quality; the FakeRat software package developed
by the Astro Space Center of the Lebedev Physical In-
stitute (Zhuravlev 2015) and used for the Russian Ra-
dioAstron (Kardashev et al. 2013) space VLBI mission.
The Shanghai Astronomical Observatory of China once
proposed the space millimeter-wavelength VLBI array
(SMVA) programme (Hong et al. 2014) and the dual-

element low-frequency space VLBI observatory (An et
al. 2019a,b). In order to support the SMVA, a simu-
lation software (An et al. 2016) was developed to pro-
vide fundamental space–ground and space–space VLBI
(u, v) coverage simulations.

The major functions of existing software packages
adapted to specific applications have been discussed
and compared in An et al. (2016). Making these tools
work for a new VLBI network such as the newly oper-
ational EAVN, major modifications have to be made.
Moreover, a module-independent, highly scalable, flex-
ible, and user-friendly solution is highly desirable. For
this purpose, we developed a new software package, the
VLBI Network SIMulator (VNSIM), which integrates
most commonly-used simulation programs and offers
a user-friendly interface for radio astronomers. It is
a cross-platform Python-based software package with
high scalability and reusability. Each function has been
separately designed and independently implemented for
the sake of future extension. VNSIM allows for pre-
senting (u, v) plots of multiple sources along with their
dirty maps to evaluate the imaging performance. The
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Figure 2. The main interface of VNSIM. It comprises three
functional zones: configuration zone, log zone, and display
zone. The plot in the top-right panel shows the EAVN (u, v)
coverage for the quasar 0134+329. (u, v) coverages of other
sources can be invoked by selecting them in the configu-
ration panel (Observe Settings). The bottom-right panel
shows simulations of the EAVN (u, v) coverages of sources
at different RA and Dec coordinates. The red circle marks
the position of the Sun on the sky at the observation epoch.

data of stations and sources are dynamically managed
by the SQLite database, and the parameter configu-
ration can either be saved and loaded directly or be
specified through the interactive graphical user inter-
faces (GUI). Multi-processor acceleration is supported,
enabling a significant decrease of the processing time
for large datasets. Although VNSIM has initially been
designed for EAVN, it can easily be adapted to other
VLBI networks or other generic interferometers.

The remaining part of this paper is organized as
follows. Section 2 describes the overall design concept
of VNSIM. Details of the main functions are presented
in Section 3. In Section 4, we demonstrate the ma-
jor functions of VNSIM and compare our results with
those of other simulation tools. A summary is given in
Section 5.

2. THE VNSIM
The VNSIM is programmed in the Python language
(Python 3.6 or higher) and can be implemented on all
common operation systems, including Microsoft Win-
dows, Linux and Mac OS. The source package can be
downloaded from the Github,2 detailed documantation
is provided on the corresponding wiki page.3

2.1. Overall Design
To fulfill the requirements for simulating VLBI experi-
ments, we propose the following design considerations:

• High scalability and reusability. Each function
cluster is independently encapsulated into a single

2https://github.com/ZhenZHAO/VNSIM
3https://github.com/ZhenZHAO/VNSIM/wiki

Table 1
Main Python scripts and their functions.

Python Scripts Functions

Func uv.py Basic UV
Func uv advanced.py All-sky, all-year, multi-srcs UV
Func obs.py Az-El, Sky survey
Func img.py Beam, map, clean map, model
Func survey all.py Pipeline to survey multiple

sources
Func cal.py Parameter evaluation
Func db.py Database editor
Func gui.py A GUI tool

Python file to facilitate testing and future exten-
sions. In this sense, the design follows the Model
View Controller (MVC) architectural pattern. We
divide the development into three interconnected
parts: an SQLite database for data management,
a GUI designed by Tkinter for user interactions,
and function clusters for parameter calculations.

• Dynamic database management. The informa-
tion on VLBI stations and astronomical sources is
stored and managed by an SQLite database which
is implemented through a GUI, enabling users to
add, delete and modify existing data records in a
convenient way. It also allows for appending self-
defined stations for the purpose of simulating new
VLBI networks. The related database currently
consists of four tables: source table, station table,
satellite table, and telemetry station table; the last
two are only needed for space VLBI missions. Data
can either be inserted through the GUI record by
record or be directly added completely through im-
porting external files in the .txt or .csv formats.

• User-friendly interface. Both graphic and com-
mand line interfaces are supported in VNSIM for
different-level users with different usage habits. In
either mode, the parameter configurations can be
saved and loaded for repeated use. All resulting im-
ages can be saved in a variety of image formats. Be-
sides, indicative logging information and dialogues
are displayed on the GUI to help users track the
run status.

• Run performance. VNSIM is compatible with
generic interferometers, such as the Very Large
Array (VLA) and the upcoming Square Kilome-
tre Array (SKA). VNSIM contains some new ad-
vanced functions which are suitable for (u, v) cov-
erage simulations of large-scale sky surveys with
these many-element interferometers and for long-
term evaluation of the (u, v) coverage of key tar-
gets in space VLBI simulations. These functions
involve high volumes of calculations and produce
large-size images, typically consuming considerable
computing resources. To tackle these problems, we
implemented parallel processing. In addition, mul-
tiple threads can be separately created to maintain

https://github.com/ZhenZHAO/VNSIM
https://github.com/ZhenZHAO/VNSIM/wiki
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Figure 3. Flowchart of the CLEAN loop.

graphical interfaces and functional calculations as
well.

• Functional designs. To deliver a complete solution,
VNSIM aims to integrate most useful simulation
functions, including the (u, v) coverage plots for
a single source and multiple sources, all-sky (u, v)
plots of a large sample, image simulations of dirty
beam, dirty map and CLEAN map, scheduling se-
tups showing the change of azimuth and elevation
of VLBI telescopes with observing time, and the
visibility amplitude distribution as function of pro-
jected (u, v) distance. Some other functions related
to space VLBI are also considered but will be im-
plemented in future development stages, including

Figure 4. Variation of azimuth and elevation angles of se-
lected telescopes with time. The horizontal black dashed
line represents the cutoff angle of 10◦ (this value can be
changed manually), the red shaded area indicates the pre-
ferred observation time range for the given target source.
The telescopes used in this simulation are KVN, Tianma,
VERA, and Urumqi.

changes of space VLBI (u, v) coverage with the pre-
cession of satellite orbits. Besides, VNSIM also en-
ables users to estimate the VLBI network perfor-
mance, including the sensitivity estimate with the
given time range and data rate.

2.2. Software Framework
As shown in Figure 1, the framework of VNSIM essen-
tially consists of six function clusters, parameter con-
figuration and other common GUI components such as
status bar, menu bar, and logging information. The six
clusters cover four fundamental simulation functions,
including (u, v) coverage plotting, dirty beam and dirty
map imaging, observation survey and simulation of vis-
ibility data (clusters 1–4), and two additional functions
with parameter evaluation and database management
(clusters 5–6). The function clusters are mutually in-
dependent, each of them can be directly invoked after
appropriate configuration and run separately.

Table 1 shows the eight main Python scripts cor-
responding to the aforementioned functions. All scripts
are provided with command-line options and argu-
ments. (u, v) plots and imaging-related functions re-
quire users to specify the observation settings in the
configuration file. The Func survey all.py script pro-
vides a simulation routine for survey observation, which
not only creates the image results of (u, v) plots, dirty
map and clean map, but also records some quantitative
information including the beam size, preferable obser-
vation time range, and dynamic ranges. Advanced users
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Figure 5. Number of visible stations as function of source
position for a given sky survey. The red and white circles
mark the positions of the Sun and the Moon, respectively.
The color index denotes the number of the visible stations.

can run the program in command-line mode, while be-
ginners may interact with a friendly GUI.

As for Figure 2, the main area of the VNSIM GUI is
divided into three parts: log panel, configuration panel
and result panel. Four main simulation functions lo-
cate at different tabs on the result panel, while two
additional functions can be accessed through the ‘Tool’
menu. The configuration panel comprises five configur-
ing items (Observe Settings, Station Settings, Para Set-
tings, Imaging Settings and File Settings), and only one
of them is visible with the others folded up by default.
The log panel shows the run information in real-time
to help track the VNSIM running status. The whole
interface is resizable and can be adjusted according to
the display window on different computer screens.

To accelerate the processing of multiple sources,
we consider the following multi-threading and multi-
processing strategies. For the sake of clarity of the in-
terface, the GUI only contains sample image demon-
stration. Therefore we allocate two threads to make
the GUI and underlying data calculations run sepa-
rately. The script, Func uv advanced.py, can pro-
vide the all-year round (u, v) plots, all-sky (u, v) plots,
and multiple-source (u, v) plots. These are very time-
consuming. Since the acceleration of multi-threading
in Python is strictly limited by the Global Inter-
preter Lock (GIL), we adopt multiprocessing to opti-
mize the computing-intensive tasks in VNSIM. To re-
duce the overhead of creating sub-processes, a process
pool is pre-created and the number of sub-processes
can be user-defined (or adopt the CPU core number
by default). Each sub-process can deal with a com-
plete combination of parameter settings, and the inter-
communication among sub-processes is performed via
asynchronous queue objects. Eventually, all run results
are gathered and parsed at the main process. A test

Figure 6. The VNSIM parameter evaluation GUIs.

result is presented on the Github wiki page.4 The com-
puting speed is roughly proportional to the core num-
ber. Likewise, the script, Func uv advanced.py, is also
accelerated by multiprocessing. Actually, to further
reduce the overhead of inter-communications between
sub-processes, we implement both the calculation and
image-generation inside each sub-process. This is feasi-
ble owing to the complete independence among different
parameter settings.

3. MAJOR FUNCTIONS

VNSIM currently comprises six function clusters includ-
ing 14 sub-functions in total, described in detail below.

3.1. Simulation Functions
3.1.1. (u, v) Coverage Plotting

The projection of the separation between any two an-
tennas in a VLBI network (the ‘baseline’, B) on a plane
perpendicular to the direction of the observed radio
source can be decomposed into east–west and north–
south components, represented by u and v, respec-
tively. Given the position (xλ, yλ, zλ) of baseline vector
Bλ in an (X,Y, Z) coordinate system, the components
(u, v, w) are obtained by (Thompson et al. 2007),uv

w

=

(
sinHs cosHs 0

− sin δs cosHs sin δs sinHs cos δs
cos δs cosHs − cos δs sinHs sin δs

)xλyλ
zλ

 , (1)

where Hs and δs are the hour angle and declination of
the target position, and (xλ, yλ, zλ) are in units of the
observing wavelength. Continuous observation of a ra-
dio source projects any given baseline onto a portion
of an arc of an ellipse on the (u, v) plane, resulting in
characteristic curved lines in the (u, v) plane. Multiple
stations of VLBI networks jointly form a set of base-
lines, providing the overall (u, v) coverage.

In addition to plotting the above fundamental
(u, v) coverage of a single source in a fixed time period,

4https://github.com/ZhenZHAO/VNSIM/wiki/test-uv-advance

https://github.com/ZhenZHAO/VNSIM/wiki/test-uv-advance
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Figure 7. The GUI of the database editor provides a high
quality, visual and open source tool to create, delete and
edit database files. Users can either edit the records via
the GUI, or import a telescope or a source table from an
external file.

three additional functions related to (u, v) coverage are
implemented in VNSIM: (i) all-year-round (u, v) plot-
ting can create twelve (u, v) coverage plots, each simu-
lating observations on the first day of each month. This
function is designed to visualize the (u, v) coverage evo-
lution of space VLBI due to satellite orbit precession.
The code is partly complete; we will incorporate it into
the VNSIM once the testing is completed. (ii) By evenly
dividing the whole sky into 5×6 blocks, an all-sky (u, v)
plotting function shows the survey ability of selected
combinations of VLBI stations in a given observing pe-
riod. This is useful for scheduling surveys of large sam-
ples. In the example shown in the bottom-right panel of
Figure 2, the source at δ = 0◦ is marginally observable
by the EAVN; high-declination sources have good (u, v)
coverages. (iii) Similarly, a function for multiple-source
(u, v) plotting displays the (u, v) coverages of multiple
selected sources to assess the performance of a given
VLBI network. This is invoked by clicking the button
‘MultiSource UV’ in the ‘Tool’ menu.

3.1.2. Imaging
The intensity distribution Iν of a radio source at ob-
serving frequency ν can be estimated by the two-
dimensional Fourier transform of the spatial coherence
function Vν(u, v) (Thompson 1999),

Iν(l,m) =

∫∫
Vν(u, v)e2πi(ul+vm)dudv, (2)

where l,m are the sky coordinates. However, in prac-
tice Vν is not continuous but is sampled at particular
positions in the (u, v) plane. Then, we actually have

IDν (l,m) =

∫∫
Vν(u, v)S(u, v)W (u, v)e2πi(ul+vm)dudv,

(3)
where IDν (l,m) is the ‘dirty image’; S(u, v) denotes the
sampling function which takes the values 0 or 1 as func-
tion of (u, v) position; W (u, v) represents the weighting
functions (we currently consider uniform weighting in
VNSIM). Besides, the observed intensity distribution is

Table 2
Simulation parameter settings.

Parameters Settings

General

Time 12 h
Scan length 5 min
Frequency 22 GHz

Source
Main M87
Othersa 0202+319, 0529+483,

1030+415, 1128+385,
1418+546, etc.

Stationb
CVN Tianma, Urumqi, Sheshan
JVN Gifu, Hitachi, Kashima,

Takahagi
KVN Sejong, Tamna, Ulsan,

Yonsei
NRO Nobeyama
VERA Iriki, Ishigakijima, Mizu-

sawa, Ogasawara

Imaging
Iteration 100
Gain 0.2
Threshold 0.001

a VNSIM allows for processing multiple sources simultaneously.
In the examples, we aslo add 10 bright and compact AGNs to
test the multi-source processing.
b The stations are the same as in An et al. (2018) for comparison.

often expressed as a convolution of the source intensity
distribution and the synthesized beam (i.e., the point
spread function) of the interferometer Bθ,

IDν (l,m) = Iν ∗Bθ, (4)

where Bθ is given by

Bθ(l,m) =

∫∫
S(u, v)W (u, v)e2πi(ul+vm)dudv. (5)

Given a source model (e.g., point source, Gaus-
sian) and proper observation configurations in simula-
tions, VNSIM can be used to create the corresponding
(u, v) coverage plot, dirty beam Bθ, and dirty image
IDν . We also integrate the CLEAN algorithm (Högbom
1974) in VNSIM to perform quick inspection of the im-
age quality. As shown in Figure 3, the CLEAN de-
convolution algorithm can pass two controlling parame-
ters, the ‘Threshold’ and ‘Iteration Number’ which con-
trol when the iterative procedure is stopped. Even-
tually, the CLEAN beam image can be obtained by
convolving the CLEAN component map with a syn-
thesized CLEAN beam and then adding the generated
image back into the residual image to produce the final
CLEAN image. As mentioned before, this function is
useful for evaluating the performance of a new VLBI
network, or selecting optimized network configuration.
In future, more realistic noise models will be consid-
ered in order to bring the simulation closer to practical
observing conditions.

3.1.3. Observations
In the third cluster (Figure 1), ‘Observation Survey’, we
implement two types of simulations. The first one plots
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Figure 8. Comparison of (u, v) coverages of EAVN derived
from VNSIM (top, the present paper) and from the literature
(bottom, An et al. 2018). This diagram displays the inner
2,000 km region of dense (u, v) coverage for the galaxy M 87.
They are consistent.

the azimuth and elevation angles of selected telescopes
as a function of time within the observation time inter-
val. As Figure 4 shows, it can identify the best observ-
ing time interval for a specific target source – meaning
here the time interval during which the largest number
of telescopes can operate at elevations higher than 10◦.
The other is the sky survey function, which visualizes
whether different parts of the sky are visible by a VLBI
network or not at a certain epoch. An an example, Fig-
ure 5 shows the number of visible stations as function of
sky position along with the positions of Sun and Moon
during the observing time.

Table 3
Four source models.

No. Relative RA Relative Dec Flux density
(mas) (mas) (Jy)

1 0.0 0.0 1.0
2 10.2 −13.8 0.5
3 −7.0 10.0 1.5
4 −11.0 −5.5 10.0

3.1.4. Processing Real Observation Data

VNSIM is not only regarded as a simulation and demon-
stration tool, but also it allows for processing real ob-
serving data. For example, by extracting the station
position and observed visibility data, VNSIM can draw
the plots of (u, v) coverage of the data and the corre-
sponding dirty beam. As a useful demonstration, VN-
SIM plots the visibility amplitude as function of pro-
jected (u, v) distance, which is useful to assess the vis-
ibility quality, diagnose bad data points, and gain a
rough knowledge of the source structure (resolved or
unresolved).

3.2. Additional Functions
3.2.1. Parameter Evaluation

VNSIM provides an toolbox for estimating the perfor-
mance of a VLBI network. The parameters included
are image thermal noise Ω, bandwidth-smearing-limited
field of view Fbw, time-smearing-limited field of view
Ftime, and an estimate of the FITS file size C.

The image thermal noise (in units of Jy beam−1)
can be calculated by

Ω =
1

η

Se√
rTobs

2

, (6)

where r and Tobs are the data rate in bits per second
(bps) and on-source time in seconds, respectively; η de-
notes the VLBI efficiency factor (commonly η = 0.7).
Se is given by

Se =

1

2

N∑
i=1

N∑
j=1,j 6=i

1

SEFDi × SEFDj

−1/2 , (7)

where SEFDi denotes the system equivalent flux den-
sity (SEFD) of the ith telescope in units of Jansky. Sim-
ilar to the European VLBI Network (EVN) Calculator
(Paragi 2012), we consider 2-bit sampling (Nbit = 2) by
default. Thus the data rate setting and the bandwidth
setting must be consistent, i.e.,

r = BWsubNsubNpolNbit · 2 . (8)

Based on the user guide of the EVN,5 we evaluate
the field of view in units of arcsec as follows. Firstly, the

5http://www.evlbi.org/user_guide/fov/node4.html

http://www.evlbi.org/user_guide/fov/node4.html
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Figure 9. An example of (u, v) coverage plotting of multiple sources. This function is useful for surveys of large samples. This
figure shows 10 sources observed with the same VLBI network configuration. Larger numbers of sources can be handled by
means of parallel processing.

field of view limited by the bandwidth smearing effect
is given by

Fbw = κ1
Nch

LblBWsub
, (9)

where Nch, Lbl, and BWsub denote the number of chan-
nels, the maximum baseline length in km, and the sub-
band bandwidth in MHz, respectively. κ1 is a constant;
its digital value is 49,500. The field of view limited by
the time-smearing effect is given by

Ftime = κ2
Lλ

Lbl Tint
, (10)

where Lλ, Lbl and Tint represent the wavelength in me-
ters, the maximum baseline length in km, and the inte-
gration time of the correlation in seconds, respectively.
The constant κ2 usually equals 18′′.56. Note that these
values are calculated by taking into account a loss of
10% in the response to a point source.

Following the instructions of the EVN user guide,6

the size of the resulting FITS file can be calculated like

C = 1.75
N2
staNpolNsubNch

131, 072

1

Tint

Tobs
3600

, (11)

where Nsta, Npol, and Nsub, Nch denote the number
of stations, polarizations, sub-bands, and channels per
sub-band, respectively. Tobs and Tint are the total ob-
servation time and the integration time of the corre-
lation in units of seconds, respectively. More specifi-
cally, a single board will output 48 kByte of data per
integration, which consists of 32 kByte lag-based cor-
relation data and 16 kByte header information. Con-
sidering only the correlation-function data portion, it
yields 0.5 MByte per integration for the whole correla-
tor. The EVN correlator has 32 correlator boards, each

6http://www.evlbi.org/user_guide/fov/node8.html

currently handling a total of 4096 lags. Thus the maxi-
mum frequency points for each corelator is 65,536. We
note that other correlators may have different configu-
rations. The observation frequency point Nfreq can be
calculated as

Nfreq =
N2
sta

2
NpolNsubNch (12)

Hence the equivalent number of the correlator, Nc, can
be calculated like

Nc =
Nfreq
65, 536

=
N2
staNpolNsubNch

131, 072
. (13)

Consequently, the capacity in GB for one hour of ob-
servations is

Ch = Nc ×
0.5

1024
× 3600

Tint
= 1.75

Nc
Tint

. (14)

Accordingly, the capacity C, in the units of GB,
for an observation Tobs seconds long is

C = Ch
Tobs
3600

. (15)

The parameter evaluation interface of the VNSIM
is shown in the top panel of Figure 6 . Commonly
used telescopes are included in the default list. Other
telescopes can easily be added via the database. The
configuration parameters can be selected from the drop-
down menu. The on-source time text frame accepts
manual input. After clicking the button ‘RUN’, the
calculated parameters are shown in the bottom lines.
In Figure 6, typical stations of the EAVN at K band
were selected and the four parameters discussed above
were calculated and displayed on the GUI.

http://www.evlbi.org/user_guide/fov/node8.html
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3.2.2. Database Management
Compared to other existing software packages, VN-
SIM features a user-friendly GUI, allowing for easy ac-
cess and operation. We selected SQLite as the SQL
database engine. It is self-contained, highly reliable,
open source and full-featured. The graphic editor of
the database management is shown in Figure 7. The
related database consists of four tables that are respon-
sible for manipulating the corresponding data of the
sources, satellites, VLBI stations and telemetry sta-
tions, respectively. Taking the VLBI station table as
an example, users can delete old records or insert new
records easily through the GUI operations. In addition
to inserting new data record by record, users can also
import multiple records through loading an external file
containing properly formatted data.

4. EXAMPLE EXPERIMENTS

In this section, we regard two main functions, (u, v) cov-
erage and source imaging, to demonstrate the operation
of VNSIM.

4.1. (u,v) Plotting of a Single Source
The (u, v) coverage is essential for evaluating the VLBI
network performance and predicting the image quality.
We first use VNSIM to create the (u, v) coverage plot of
a single source, and compare it to the output of other
software packages. The radio galaxy M87 is chosen as
the target. As VNSIM supports parallel processing of
multiple sources, we also import ten more sources in the
source list to test the multi-source processing. The ex-
periment parameters used in this simulation are listed
in Table 2. To ease comparison, these parameters are
the same as the ones adopted in Figure 2 of An et al.
(2018). The 22-GHz frequency band, one of the op-
erational frequency bands in the first EAVN open-use
session, is chosen. Sixteen telescopes are included in
the simulation. The 12-hour full-track (u, v) coverages
of M87 are shown in Figure 8. VNSIM obtained ex-
actly the same (u, v) plot (Figure 8, left panel) as the
one shown in An et al. (2018). We note the (u, v) plot
in An et al. (2018) was generated by using the UVSIM
software (An et al. 2016), whose results have been com-
pared with SCHED. The consistent results in Figure 8
confirm the accuracy of VNSIM and its compatibility
with other similar software tools.

4.2. (u,v) Plotting of Multiple Sources
One of the new practical functions included in VNSIM
is the multi-source (u, v) coverage plotting. It allows
for calculating the (u, v) coverages of multiple sources
with pre-defined observing configurations through one-
shot runs and either displays the results in the interface
or saves them in external files. Figure 9 demonstrates
an example of the multi-source (u, v) plotting function.
In this experiment, we calculated the (u, v) coverages
of ten radio-loud active galactic nuclei selected from
Cheng et al. (2017). The configuration is summarized
in Table 2 and Section 4.1 The observing frequency is 22
GHz. The total observing time interval for each source

Figure 10. Image simulation. The major and minor axis
lengths of the dirty beam (top left) are 1.01 mas and 0.85
mas, respectively. Top right: Distribution of four simulated
sources. Bottom left: Dirty image. The sidelobes around
each source are clearly seen. Bottom right: Deconvolved
image after 100 iterations of CLEANing. No significant side-
lobes can be seen, the dynamic range is 705.

in the simulation is 12 h. As all these sources are at high
declination, they are visible by the EAVN most of the
time. In particular, 1823+568 and 1928+738 show al-
most circular (u, v) coverages. Moreover, the maximum
number of sources is not limited to ten. More sources
are allowed and the calculations can be accelerated by
multiprocess parallelization. Apart from displaying the
results in the GUI, the output can also be exported to
Encapsulated PostScript files or files in other formats.

4.3. Dirty and CLEAN Images

VNSIM is not only a simple display tool of (u, v) cov-
erage, but also a powerful software package enabling
image simulations for a visual evaluation of VLBI net-
work imaging performance. To demonstrate this func-
tionality, we created four artificial target sources whose
parameters are listed in Table 3. We applied the EAVN
station and general settings shown in Table 2. The
dirty beam and source models are displayed in the top
panel of Figure 10. Source 1 with a flux density of 1 Jy
is a point source, located at the image center corre-
sponding to the sky position RA=03h19m48.160s and
Dec=41◦30′42′′.10. Sources 2 and 3 are point sources lo-
cated to the southeast and northwest of Source 1. Their
corresponding flux densities are 0.5 Jy and 1.5 Jy, re-
spectively. Source 4 is a spatially extended Gaussian
source, with a size of 1.5 × θmin

beam and a total flux den-
sity of 10 Jy, located southwest of the image center.
Figure 10, bottom-left panel, depicts the correspond-
ing dirty image. The sidelobes around each source are
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clearly visible. The bottom-right panel shows the de-
convolved image after 100 iterations of CLEANing. The
sidelobes have been reduced substantially, and the dy-
namic range increases from 11 (in the dirty image) to
705 (in the CLEAN image). Deeper CLEANing may
further decrease the rms noise.

5. SUMMARY

In this paper, we have introduced VNSIM, a software
tool aiding VLBI network simulations. The motivation
is to provide an integrated software package to aid ra-
dio astronomers in preparing observation schedules and
to gain a preliminary evaluation of the interferometer’s
performance. Compared to existing simulation tools,
VNSIM not only integrates commonly used functions
but also supplements new features supporting large sur-
veys containing multiple sources. The source code is
written in Python, the individual programs are easy to
extend and update. By design, VNSIM is not limited
to VLBI networks, but is also applicable to connected-
element interferometers. Considering the usability for
non-VLBI astronomers without much interferometric
knowledge, VNSIM has been designed to provide user-
friendly interfaces and convenient database manage-
ment. All parameters can be user-specified to adapt
to different simulation scenarios. The comparison of
the simulation results from VNSIM to those from other
tools verifies the consistency between them. The cur-
rent version of VNSIM provides functionalities cover-
ing the key requirements for scheduling and evaluat-
ing ground-based interferometric observations. More
sophisticated functions are under development. In the
future, we aim to provide space VLBI simulations that
consider realistic constraints on observations.
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