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NOAP — SCRIPT PACKAGE FOR PLANNING 
AN D ANALYSIS OF NEO OBSERVATIONS

We present a package of Python scripts NOAP (NEO Observations Analyzer and Planner) designed for the automatic planning of NEO 

observations, as well as analysis of already existing observations in the NEODyS-2 database. 

The package is divided into two parts: analyzer and planner. The analyzer automatically downloads data from the NEODyS-2 

database, converts them by adding additional information, including the apparent speed of objects and observation errors along and 

across the track, and also provides a large amount of statistical data and graphs for the selected period. It can be done for several 

observatories at once. 

The planner also selects the objects of observation for the upcoming night and calculates their ephemeris with a given step in a 

fully automatic mode. The output data format of the scheduler allows its use both on semi-automatic telescopes and for fully robotic 

observations. NOAP has been successfully used for more than a year for planning and analysis of NEO observations by optical sensors 

of the National Space Facilities Control and Test Center of the State Space Agency of Ukraine.
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INTRODUCTION

At the end of the 20th century, the danger of astero-

ids and comets falling to Earth became clear. In July 

1981, the United States of America National Admin-

istration for Space Research held a Working Meeting 

on “Asteroid and Comet Collisions with the Earth: 

Physical Consequences and Humanity”. An over-

view of the main decisions of the conference was giv-

en in [4].

At the beginning of the 21st century, the problem 

was acknowledged as important even at the level of 

the United Nations (UN), when in 2007, according 

to UN General Assembly resolution 61/111, a tem-

porary working group of Near-Earth Objects (NEO) 

was created as part of the Scientific and Technical 

Subcommittee of the Committee on the Peaceful 

Uses of Outer Space [41].

Special telescopes with large fields of view, such 

as the Panoramic Survey Telescope And Rapid Re-

sponse System (Pan-STARRS) [32] or the Asteroid 

Terrestrial-impact Last Alert System (ATLAS) [1] 

and Lincoln Near-Earth Asteroid Research (LIN-
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EAR) [49, 50] are used to detect the NEOs, includ-

ing small ones. But such discoveries require quick 

confirmations, or these new objects will be lost. 

Such confirmations are crucial for NEOs discov-

ered at relatively small distances from the Earth. 

In such cases, the confirmation time is significant-

ly limited by high speeds of apparent movement 

(20 arcsec/min and more). 

Telescopes with significantly lower capabilities 

compared to the telescopes mentioned above can 

be applied using appropriate image processing tech-

niques for similar confirmations.

Also, similar telescopes can be used during cam-

paigns of massive observations of individual NEOs 

during their approach to the Earth. Such observa-

tions, for example, were done for the asteroid Apo-

phis in 2013 [18, 56] and 2012 TS4 in 2017 [39].

A software blink comparator implemented, for 

example, in the Astrometrica [2] program, is the 

simplest method of NEO detecting. In this case, the 

object moving against the background of stationary 

stars is discovered by the observer when viewing a se-

ries of changing images (frames). This method gives 

acceptable results, but it cannot be used for rapid 

processing of a large number of frames.

At present, there is a huge number of algorithms 

for the automatic detection of small bodies of the So-

lar System on CCD (CMOS) images. Most of them 

can be considered as detection options based on mul-

tiple hypothesis testing (MHT) [20].

Depending on the specifics of MHT implementa-

tion, several groups of methods can be distinguished. 

The first group includes the methods that implement 

the detect-before-track technology (DBT). First, 

they identify and form a list of detected images of ob-

jects (detections) on each frame of the studied series. 

Then, for all pairs of detections on the two selected 

frames, the parameters of possible trajectories are 

estimated, gates (trust regions) are built for all other 

frames, and the presence of detections confirming 

the presence of objects is checked. Determining the 

prior trajectory parameters is necessary for reduc-

ing the number of tested hypotheses. It is preferable 

for the primary analysis to choose the first and last 

frame of the series as the primary pair because this 

approach allows for reducing the maximum possible 

sizes of the trust region.

Similar techniques are implemented in the soft-

ware used in the LINEAR project [49, 50] and the 

Moving Objects Processing System (MOPS) of the 

Pan-STARRS [9, 19] and others. With a huge number 

of analyzed detections (which is practically inevitable 

with relatively low detection thresholds or with large 

fields of view of survey telescopes), such methods can 

have significant computational complexity. Various 

search optimization algorithms can be used to reduce 

it, for example, the organization of a hierarchical 

classifier based on k-dimensional trees [9, 19].

More complex implementations of MHT are 

different variants of matched filtering (MF) in the 

space-time domain. The methods of this group are 

based on the formation of all possible hypotheses 

about the parameters of moving objects’ trajectories 

on the series of frames under consideration. For each 

hypothesis, according to certain rules, it can deter-

mined its weight (maximum likelihood function, 

posterior probability, etc.). Hypotheses with a weight 

higher than the given one are recognized as valid, and 

the corresponding conditional estimates of the tra-

jectory parameters are issued to the consumer. This 

approach, with the development of computer tech-

nology, made it possible to increase the number of 

detected faint objects. The first work that described 

a similar method was presented by Mohanty [24]. 

Then, the number of similar works only increased. 

A large amount of early papers on this topic are 

presented in [11], a more modern overview can be 

found, for example, in [27]. The work [23] can be in-

cluded in the same group. 

As a separate variant of MF, it is worth mention-

ing the methods based on the “shift-and-add” (“shift-

and-stack”) technology or methods of incoherent 

post-threshold accumulation with a zero threshold. 

As an example of such methods, we can cite [13, 38, 

60, 61]. Hypotheses about the presence of a moving 

object are verified by adding CCD (CMOS) images 

of one part of the celestial sphere with displacement 

along possible object trajectories. In [60], in order to 

reduce the computational complexity, it is proposed 

to check hypothetical asteroid trajectories by stacking 

with a shift using median filtering of only the frame 

area around each image inhomogeneity energetically 

slightly exceeds the background. In a later work [59], 

the accumulation of binary images, which are formed 
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used only when combining observations for several 

nights — inter-night linking, e.g., MOPS [9].

In recent years, the National Space Facilities 

Control and Test Center (NSFCTC, State Space 

Agency of Ukraine) has begun to pay attention to the 

expansion of participation in international activities 

to solve the global problem of the asteroid-comet 

hazard. This activity was reflected in the transition 

from participation in individual observation cam-

paigns [17, 18, 56] and separate new NEO confirma-

tions [25, 26] to regular observations, indicated as a 

separate item in the plans of scientific and scientific-

technical activities. The optical instruments of ob-

servation, which are part of NSFCTC, have already 

obtained 3 codes from the Minor Planet Center of 

the International Astronomical Union (IAU MPC).

The main technical problem of observation plan-

ning for NEO at the NSFCTC was the lack of spe-

cialized software and technical complex for solving 

such problems. In fact, planning is carried out almost 

in manual mode. The operator engaged in planning 

has to visit several websites, form a list of NEOs that 

can potentially be observed, calculate the ephemeris, 

and final sorting of objects for observation. The result 

of this activity is a list of ephemerides. The planning 

process takes a long time and, thus, significantly re-

duces the efficiency and frequency (number) of ob-

servations, especially in the case when it is necessary 

to use several means of observation.

When planning in manual mode, it is practically 

impossible to assign a differentiated priority to dif-

ferent NEOs depending on the importance of their 

observations (it is only possible to give maximum 

priority to new NEOs that require confirmation of 

discovery). Another disadvantage of this planning 

method is the actual impossibility of obtaining the 

ephemeris in a standardized format and determining 

the parameters of the observation mode (number of 

frames and exposure of the frame). All this signifi-

cantly complicates the potential possibility of NEO 

automating observations.

To improve the accuracy of the NEO coordinates 

measurements, it is necessary to conduct constant 

monitoring and analysis of the quality of the observa-

tions received.

This can be done using information that is publicly 

available on the Internet.

using a primary non-zero threshold, is used to increase 

performance. Another option to reduce the computa-

tional complexity is to choose a slightly larger offset 

step of the frames to be added [11]. It leads to a certain 

decrease in the number of detected objects compared 

to the optimal step size. A priori information about the 

speed and direction of object movement also signifi-

cantly reduces the calculation complexity [13]. 

The disadvantages of this group of methods include 

the need for a large number of sequentially formed 

frames, which significantly reduces the search poten-

tial of telescopes. On the other hand, it has the advan-

tage of detecting objects with a weak light in a high 

quality. Both MF and “shift-and-stack” methods can 

be classified as track-before-detect (TBD) methods. 

The most accessible implementation of shift-and-

stack is used in [2] (only for asteroids with known ap-

parent motion parameters). A more advanced version, 

with the possibility of detecting unknown objects, 

is implemented, for example, in [34], but it requires 

much more powerful computing equipment.

There is another TBD method of detecting mov-

ing objects — the virtual tabulation method. Its es-

sence is to tabulate the weights of hypotheses about 

the number and parameters of the movement of ob-

jects on the set of all such hypotheses (set of states). 

The likelihood function (criterion of maximum 

likelihood) can be used as a weight. Physically, this 

method corresponds to the accumulation of image 

statistics (for example, the amplitude of detections or 

the brightness of individual pixels) along the possible 

object trajectories. A moving object is considered 

detected if the accumulated statistics in any gate ex-

ceeds the threshold. The initial parameters of the ob-

ject’s movement are the average values for the given 

gate and can be refined later.

The tabulation method often uses the Radon [37] 

or Hough [15] transforms. For example, the paper 

[43], and the Ukrainian CoLiTec automated aster-

oid detection program [44—48]. In this case, a vir-

tual tabulation of detections obtained at the stage of 

interframe processing is used. Thus, the detection 

method used in CoLiTec is a mix of DBT and TBD 

approaches. 

All the methods mentioned above use a linear 

model of the movement of a celestial object on a se-

ries of frames. More complex movement models are 
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Figure 2. Structure of Planner pipeline

With large volumes of data (several observatories, 

thousands of observations, hundreds of objects), it is 

very time-consuming to perform such analysis man-

ually.

At the same time, the use of an already existing 

software product for such observation planning [12] 

looks quite difficult. It is based on the requirements 

and the peculiarities of the optical sensors’ operation 

of the NSFCTC

Thus, the task to make the planning and analysis 

of the observations of NEO automatic is relevant, 

and this led to the creation of NOAP.

1. THE NOAP PACKAGE STRUCTURE
AND IMPLEMENTATION FEATURES

1.1. General features of the NOAP package. NOAP 

consists of two software pipelines: “Planner” and 

“Analyzer” (Figure 1). They perform operations for 

planning observations and analyzing their quality, re-

spectively.

The package is designed in the Python 3 program-

ming language [36]. The choice of the programming 

language is due to the absence of license terms of use 

and the presence of a large number of developed ap-

plication libraries and packages.

The software uses the concept of ETL (Extract, 

Transform, Load). 

A significant number of external units and librar-

ies were used while designing the package: Config-

parser — unite that operates with configuration files 

[7], Sys — a unite that provides access to variables 

and functions that interact with the Python inter-

preter [51], Requests — a unite that operates with the 

HTTP requests [40], BeautifulSoup — a unite that 

analyses the HTML and XML documents [3], Date-

time — A unite that operates with date and time [8], 

Re — a unite that operates with regular expressions 

[38], Math — a unite that operates with mathemati-

cal functions [21], Pandas — a unit for data process-

ing and analysis [31], Numpy — a unit for operating 

with arrays and matrices [28], Jdutil — a unit that op-

erates with modified Julian dates [33], Matplotlib — 

data visualization unit [16], Astropy — operates with 

astronomical data [52—54], Skyfield — astronomical 

calculations [42].

These ready-made products made it possible to 

shorten the development time of NOAP.

Figure 1. Structure of NOAP

1.2. Planner pipeline. The pipeline «Planner» con-

sists of three scripts (Figure 2) and a configuration 

file.

The get_neocp script is responsible for generating 

a list of ephemerides of new NEOs requiring confir-

mation of discovery, their calculation, and filtering 

(subject to constraints, see 1.2.1). The main source 

of data is the new NEOs confirmation page on the 

MPC website [55].

The get_ephems script is responsible for the list for-

mation, calculation, and filtering of the ephemerides 

of already known NEOs and for the calculation of 

their observation priority. To fulfill this task a number 

of online sources are used:

— lists of close approaches from the websites of 

European Space Agency (ESA) [5] and NEODyS-2 

[6],

— lists of priority objects from websites of ESA 

[35] and NEODyS-2 [57],

— lists of objects that can be observed by this ob-

servatory with given constraints, which are formed 

on the MPC website [29] and NEODyS-2 [30].
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All the lists are combined, and then the ephemeri-

des are calculated with the help of the MPC Ephem-

eris Service [22] and their filtration according to con-

straints (see 1.2.1).

The plan_picture script combines the ephemeris 

generated by the two previous scripts into one file for 

each observatory and generates an observation plan 

in graphic and textual forms (see 1.2.3).

1.2.1. Input data. In addition to the of web page 

addresses that are necessary for the pipeline ope-

ration, the output data includes: MPC observatory 

code (planning is done only for those optical sensors 

that have this code), the range of visible brightness 

of the observed NEOs (in magnitudes), the range of 

permissible declinations of the observed NEO (in 

degrees), the speed range of visible movement of the 

observed NEOs (in degrees per day), the image scale 

formed by the corresponding telescope (/pix), the 

ephemerides calculation step for NEO (in minutes).

In addition, the initial data should include addi-

tional restrictions that are taken into account when 

calculating and filtering ephemerides: the maximum 

angle of the Sun (as a rule, no more than –16°…

–18°), the maximum zenith angle of the observed

NEO (usually no more than 70°), the minimum an-

gular distance to the Moon when it is close to the full 

(typically at least 30° for a Moon phase of 0.88 to 1.0 

and a Moon elevation of at least 10°).

The pipeline is able to take into account the com-

plex maximum zenith angles of observations with 

additional closure. To do this, a suitable mask of 

closure angles is included in the input data. A pri-

mary closure angle file is required for mask calcula-

tion. Such a file is a set of points in a horizontal to-

pocentric coordinate system, where each point has 

an azimuth and its corresponding maximum working 

zenith angle (or minimum working elevation angle). 

For better formation of the working angles mask, it 

is desirable that there should be at least three points 

for each “unevenness” of the closing line, while the 

minimum number of points to create a mask is 4.

1.2.2. Priority. The priority is determined by the 

importance of a given NEO observations during the 

night of the observations. The maximum priority 

is given to new NEO that require the confirmation 

of discovery. Higher priority is given to NEOs from 

the ESA priority list, potentially dangerous asteroids 

(PHA), and NEOs that will have a close approach to 

the Earth in the coming days.

An additional priority is calculated for known 

NEOs. It is formed by analyzing the line of the need 

for additional observations based on the MPC data. 

The line is formed by the MPC website for each NEO 

and begins with the words  “Further observations?”

The priority is increased if the line contains one of 

the line constants listed in the Table 1.

1.2.3. Output data. The pipeline output data is the 

NEO ephemeris file and the observation plan. The 

ephemeris file is almost identical to the ephemerides 

in the MPC Ephemeris Service [22] format, with some 

differences (Appendix 1). First, the ephemeris title for 

each object consists of only two lines: packed designa-

tion of the NEO (permanent number or provisional) 

and the final priority of this NEO. Secondly, each line 

of the ephemerides corresponds to specific observa-

tion mode values (exposure and number of frames), 

which are indicated at the end of the line. At present, 

the observations are carried out in the mode of sidereal 

tracking, and their processing is carried out by one of 

the options of the “shift-and-stack” method. 

Therefore, the exposure is calculated as follows:

maxexp
60
motion

scale



,

where exp — exposure, sec; motion
max

 — the maxi-

mum velocity of the NEO visible movement during 

the survey according to the ephemeris, arcsec/min; 

scale — the scale of the image, arcsec/pix.

So, the observed NEO should pass no more than 

one pixel of the image registered by the telescope 

during the exposure.

Table 1. Priority gain depending on the string constant

String constant
Priority

increasing

Useful for orbit improvement (based on 

orbit uncertainty) 1

Not necessary this month for numbering 1

[PHA] 1

Desirable as radar target 1

Useful for orbit improvement (based on 

orbit uncertainty) 1

Useful for numbering 2

[VI] 1
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Figure 4. Structure of Analyzer pipeline

The estimation of the number of frames necessary 

to obtain the appropriate number of measurements 

after their assembly is carried out according to the 

heuristic technique outlined in [12].

It should be mentioned that the blocks of individu-

al NEO ephemerides are located at the same distance 

from each other. It will simplify the reading of such a 

file using a personal computer (PC) when organizing 

fully automatic observations of NEOs.

In addition to the main file from the ephemerides, 

a plan for future observations is also formed. The 

plan is formed in the text (Appendix 2) and graphic 

(Figure 3) form. The plan indicates the NEO desig-

nation, its priority, the start time, and the end time of 

the NEO visibility for a given observatory.

Having such a plan makes it much easier for the 

operator to make a decision about the sequence in 

which to observe the NEO.

1.3. Analyzer pipeline. Structurally, the “Analyzer” 

consists of 6 scripts (Figure 4). The raw_table script 

is responsible for obtaining information about the 

NEO observations from the NEODyS-2 website that 

creates tables of «raw» observations (coordinates 

(RA, Dec) and brightness, errors of the coordinates 

and brightness according to NEODyS-2 data for 

each given observatory.

The mod_data script is designed to add the addi-

tional data to the tables of «raw» observations, namely: 

the predicted velocity of the apparent motion, the po-

sition angle, the predicted brightness of the observed 

NEOs, and the measurement errors along (dL/AT) 

and across (dN/CT) the trajectory of the object appar-

ent motion. The ephemeris calculation service of the 

NASA Jet Propulsion Laboratory (JPL) HORIZONS 

[14] is used to obtain these data (Fig. 5).

Figure 3. Graphic version of the observation plan

Figure. 5. Data modification in mod_data script
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Figure 6. An example of observations distribution by predicted brightness (a) and predicted apparent velocity (b)

The service is accessed using the external Astro-

query library [10]. The script results are saved in ta-

bles with modified data for each observatory.

The sessions script is responsible for the formation 

of observation sessions. A session is a set of observa-

tions of one NEO by one observatory during one night. 

The use of sessions makes it possible to avoid a greater 

influence on the statistical characteristics of a poten-

tially larger number of the brighter NEO observations.

The script results are saved in a table with data for 

each session. In addition to the data stored in the 

modified observation tables, they indicate the values 

of the standard deviations of the observation errors 

that are part of the session in two coordinate systems 

(RA — Dec and AT — CT).

The last three scripts (stat, session_stat, stat_

month) are responsible for generating output data 

for a given observatory and a given time interval: for 

Figure 7. An example of the mutual distribution of errors in the RA — Dec coordinates for observations (a) and sessions (b)
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Figure 8. An example of the dependence of the errors in the RA — Dec coordinates on the visible brightness of the observed NEO 

for observations (a) and sessions (b)

Figure 9. An example of the dependence of the errors in the RA — Dec coordinates on the speed of the apparent movement of 

the observed NEO for observations (a) and sessions (b)

Figure 10. An example of heat maps of the observational residuals dependence on the apparent brightness and the visible move-

ment velocity of the observed NEO for RA (a) and Dec (b)
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observations, sessions, and observations by month, 

respectively.

These six scripts can work in a batch mode, that is, 

for a list of observatories at once.

The input data for the pipeline is the list of MPC 

codes of the observatories for which calculations are 

to be performed and the time interval for which sta-

tistics are to be obtained.

The NOAP package produces a report contain-

ing observational data, point and interval estimates 

of the apparent brightness distribution, and observa-

tional residuals of NEO in the graphic form and the 

form of charts.

Their examples are shown in Figures 6—10. The 

graphics from Figure 7—10 are also formed for re-

siduals in AT — CT coordinates. 

2. RESULTS OF USING AND PLANS FOR THE FUTURE

At the moment, NOAP capabilities are fully used by 

the NSFCTC for planning and analysis of the results 

of their NEO observations. In addition, the raw table 

script from the “Analyzer” pipeline is used in the 

Mykolaiv Astronomical Observatory. As you can see, 

the list is not very long, but we hope that this work 

will increase it.

While using the scripts, the performance of analy-

sis and planning tasks was optimized. In addition, the 

script functionality is planned to be expanded.

The list of script improvements is quite long.

For the “Planner” pipeline: 

  batch calculation of ephemeris and observation 

plans for several observatories,

  changing the algorithm for obtaining data from the 

NEOCP webpage for more prompt detection of the ap-

pearance of new objects that require confirmation,

  an adaptive algorithm for filtering NEOs that 

can be observed on the given telescope, taking into 

account both the velocity of their visible movement 

and the predicted brightness. This will allow to in-

crease the limiting magnitude for slower NEOs, in-

crease the time of NEOs in sight, reject NEOs that 

cannot be observed on the given telescope according 

to the “brightness — velocity” ratio, 

  the introduction of a graphical user interface,

  integration of the “Planner” pipeline with the 

“Analyzer” pipeline for priority calculation.

For the “Analyzer” pipeline:

  calculation of the compatible statistics for sev-

eral observatories,

  quality assessment of NEOCP object observa-

tions,

  checking the accuracy of the observations before 

they are sent to the MPC,

  the optimization of additional calculations, es-

pecially those associated with data modification,

  tracking of observations that have disappeared 

from the NEODyS-2 database. 

CONCLUSION

1. A technique for automatic planning of NEO

observations has been developed. It was implemented 

in an early release of the “Planner” scripting pipeline 

in the Python 3 programming language.

2. The set of scripts significantly increased the

speed and quality of planning observations of NEO 

by the optical means of observation of the NSFCTC, 

and also simplified their implementation.

3. The “Planner” pipeline is ready to be used in

an automatic mode. It may require minimal adjust-

ments.

4. The “Analyzer” pipeline allows us to obtain

information automatically from the database of the 

NEO observations. It also adds the information 

about the velocity and predicted brightness of the 

NEO and calculates the observation errors along and 

across the trajectory. This significantly expands the 

script’s capabilities. 

5. “Analyzer” also automatically calculates a large

number of statistical indicators, which significantly 

speeds up their further analysis. 

6. Further work should be focused on the follow-

ing: software code optimization, correction of errors 

that were detected when using NOAP, improvement 

of algorithms, integration of two pipelines.

7. We are ready to work with anyone who wants to

try NOAP.
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NOAP — ПАКЕТ СКРИПТІВ ДЛЯ ПЛАНУВАННЯ 

ТА АНАЛІЗУ СПОСТЕРЕЖЕНЬ НАВКОЛОЗЕМНИХ ОБ’ЄКТІВ

Ми презентуємо новий інструмент для науковців та астрономів у сфері космічної безпеки та астрономії — пакет Py-

thon-скриптів NOAP (NEO Observations Analyzer and Planner). Цей пакет розроблено для автоматичного планування 

спостережень за об’єктами, що наближаються до Землі (ОНЗ), а також для аналізу спостережних даних у базі даних 

NEODyS-2.

NOAP поділено на дві основні частини: Аналізатор та Планувальник. Аналізатор автоматично завантажує дані 

з бази даних NEODyS-2, а потім розширює їх, додаючи важливу додаткову інформацію. Ця інформація включає в 

себе дані про видиму швидкість і напрямок руху об’єктів та помилки спостереження, обрані вздовж та поперек їх-

нього шляху. Крім того, аналізатор генерує велику кількість статистичних даних та графіків, що дозволяє отримати 

більше інформації про ОНЗ протягом обраного періоду. Ця операція може проводитися одночасно для декількох 

обсерваторій. Планувальник, з іншого боку, вибирає об’єкти для спостереження на найближчу ніч та розраховує їхні 

ефемериди з заданим кроком у повністю автоматичному режимі. Формат виведених даних планувальника дозволяє 

використовувати його як на напівавтоматичних телескопах, так і для повністю роботизованих спостережень.

Крім того, NOAP може легко інтегруватися з різними типами телескопів і астрономічного обладнання, що робить 

його універсальним рішенням для науковців та астрономів. Він також надає можливість генерувати звіти та візуалі-

зації результатів спостережень, що сприяє покращенню розуміння та аналізу даних про ОНЗ. Пакет NOAP успішно 

використовується для планування і аналізу спостережень НЕО за допомогою оптичних засобів Національного центру 

управління та випробувань космічних об’єктів Державного космічного агентства України. Цей інструмент допомагає 

зрозуміти і краще вивчати об’єкти, що знаходяться недалеко від нашої планети, і відіграє важливу роль у забезпеченні 

безпеки космічного простору та в астрономічних дослідженнях.

Ключові слова: навколоземні об’єкти, оптичні спостереження.




