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Abstract

One of the indicators of measurement quality is metrological traceability, which is represented in the form of calibration
chains, that are documented sequences of calibration results from the working measuring instrument to the measurement

standards with the highest accuracy.

Based on conducted analysis, it is proposed to present calibration chains not linearly but as branched acyclic directed

graphs.

The aim of the study is to find a solution for calibration data storage and calibration chain creation for a particular
measuring instrument using stored calibration data to ensure metrological traceability in a simple way.

To store the information about measuring instruments and their calibrations, relational databases are proposed to be
used. They provide consistent data and allow obtaining historical data about calibrations. In addition, an algorithm to create
documented calibration chains for branched traceability chains is proposed.

The practical value of the study lies in the development of a software product for measuring instruments of gas
volume and volumetric gas flow rate. The software application will give the possibility to metrological centre “Ivano-
Frankivskstandartmetrology” to keep consistent calibration data and to ensure metrological traceability for particular measuring

instruments to the national measurement standards.
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Introduction

The highest accuracy of physical quantities
reproducing is ensured by national measurement
standards, which transfer the values of such quantities
to working measurement standards, and these, in turn,
transfer the values to working measuring instruments.
Only by following such a sequence, a high level of
accuracy of measurements results of working measuring
instruments can be ensured. Such sequence is do-
cumented and called a calibration chain, the main
features of which are continuity, linearity, or branching.
The relation between measurement result obtained
with a measuring instruments and measurement
standards is called metrological traceability.

Metrological traceability is a key aspect of en-
suring measurement accuracy and confidence in the
measuring results obtained. It is based on a continuous
calibration chain, which links measurement results
with high accuracy measurement standards through
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a documented sequence of calibrations [1]. That is why
the problem of creating continuous calibration chains
and ensuring metrological traceability is relevant.

Recent studies and publications

The calibration chain is mostly a linear chain,
but if during calibration of specific measuring instru-
ments several references are used, the calibration chain
becomes branched [2] and looks like a typical graph.

This statement is applicable for calibration of
gas meters and gas flow meters, since for gas volume
calculation gas parameters are required in accor-
dance with the ideal gas law. [3]. For a gas meter, as
a result of calibration, an error against flow rate will
be obtained with appropriate uncertainty of measure-
ments. The error of the gas meter & is calculated
by [4]:
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Fig. 1. Graph that represents gas meter calibration chain

where N, is the number of pulses from calibrated
gas meter; K, is the gas meter K-factor, pulses/m?;
V. is the gas volume measured by a measurement
standard, m® T,, T, are temperatures of the mea-
surement standard and gas meter, °C; P, P, are
gauge gas pressures of the measurement standard
and gas meter, Pa.

As it can be seen from formula (1), there are
several quantities that should be measured during
the gas meter calibration and therefore all measuring
instruments for appropriate quantities should be
calibrated.

In [5], the calibration chain for gas meter and
gas flowmeters in Ukraine is described, but it was
simplified to linear form, as well as it does not include
all measuring instruments for gas parameters such as
pressure, temperature, and measuring instruments
for measuring time intervals and pulses from gas
meters, which are required according to formula (1).
On the other side, in [6], a more accurate calibra-
tion chain is described, which include branches for
appropriate measuring quantities (see formula 1).
So, this chain can be represented as an acyclic direc-
ted graph (see Fig. 1).

A feature of the graph presented on Fig. 1 is that
it is acyclic and directed because low accuracy measu-
ring instruments cannot be used as references for
calibration of higher accuracy instruments, and
measuring instruments cannot be used to calibrate
themselves. The nodes of such a graph are measuring
instruments, and edges represent calibrations themselves.

Most metrological centres, both domestic and
foreign ones, usually keep calibrations related infor-
mation in the paper form or in Excel files, which
does not allow clear confirmation and reproduction
of calibration chains for specific measuring themselves.
But even for metrological institutes which store calib-
ration data in databases [7], there is no information
regarding the possibility to reproduce calibration chains
using stored calibration data in a simple way. That

is, the customer cannot check whether this device
is traceable to national or international measurement
standards.

The aim of this study is to find a solution for
calibration data storage and calibration chain crea-
tion for specific measuring instruments to ensure
metrological traceability using stored calibration
data in a simple way.

Creating a calibration chain using recursive SQL query

The described above task can be addressed
using a relational database, which is frequently used
for calibration data storage [7]. For this study,
PostgreSQL relational database was used. It is neces-
sary to impose several restrictions at the database
level to avoid inconsistent data, as well as to eliminate
data manipulation.

Let us describe the database schema used in this
study.

Database schema includes several entities, such
as measuring device (Device) and calibration itself
(Calibration) as an event. Since the reference or
measurement standard is essentially a measuring
instrument, which is also subject to calibration, we
store information related to measurement standards
in the Device table as well. At the same time, an
auxiliary table Calibration Standards is used to store
information about the standards used in calibration,
which helps to implement a ManyToMany relationship
between Calibration and Device entities. The Fig. 2
shows simplified database schema for calibration results
storage.

To ensure data integrity and consistency and to
satisfy the calibration logic, several requirements and
restrictions shall be imposed:

1. Measuring instrument serial number and de-
vice name shall be unique across the whole database.

2. Measurement standards used for -calibra-
tion shall have higher accuracy than the accuracy of
a calibrated measuring instrument.

4
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Fig. 2. Simplified database schema for calibration results

3. Measuring instruments cannot be used to
calibrate themselves.

The first restriction is observed by using composite
unique index. Other restrictions are implemented on
the application level through the appropriate conditions.

Given that, as mentioned above, the calibration
chain is a directed acyclic graph, obtaining data from
the database that corresponds to the calibration chain
for a particular measuring instrument consists in
searching all nodes and edges in the graph starting
from the node of a particular measuring instrument to
the measurement standards with the highest accuracy.
The described task can be solved by using the
Depth-First Search (DFS) algorithm, well known
from linear algebra [8].

To implement this algorithm in a relational
database, it is better to use a recursive algorithm
with Common table expression (CTE). Such recursive
query simulates graph DFS algorithm [9]. Given
that the algorithm is recursive, to limit the depth of
recursion, we start traversing the graph from a par-
ticular measuring device with identifier device id (see
on page 6). As a result, the SQL query was developed
to create a calibration chain for a particular measure-
ment instrument with identifier device id.

In the SQL query presented above, besides des-
cribed above entities attributes, a calculated field
level was also used, which represents a level in the
calibration chain. The first part of the query gets
information about a calibrated device, that is level
zero. On each recursive step, the information about the
measurement standards used for calibration is received,
which is subsequently joined with the result. The step

shall be repeated until the last measurement standards
with the highest accuracy are reached.

Query performance analysis

During the study, much attention was paid to the
developed SQL query performance.

Since the query is developed for a particular
instrument, it does not depend on the number of
records in the whole database. But the main dependency
is the recursion depth, which is equal to the number of
calibrations in the calibration chain. Let us assume that
for each calibration three measurement standards are
used, and the calibration chain has no more than six
levels. In such a case, the average number of records to
process amounts to 300 to 1000. So, even in a database
with about 1 million records, a SQL query will process
only no more than 1000 records.

For SQL query optimization, database indexes
were used for fields used in JOIN operations, in
particular, device id, calibration_id and date created.
In addition, since there is data ordering by date,
a composite index for device id and date created was
used. This enabled to avoid a complete record search
and achieve computational complexity O(log N), where
N is the number of to be processed records.

For testing purposes, a test dataset with 100 thou-
sand records was used. For all devices in test records,
different numbers of calibrations and different depth
of the chains were used.

Testing results described in Table 1.

Testing results show the acceptable level of SQL
query performance, so the proposed solution can be
used in real life cases.
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WITH RECURSIVE traceability(id,
SELECT d.id, d.name,
FROM device d
WHERE d.id =

name,

% (device id)s

UNION ALL

SELECT d2.id, d2.name,
FROM traceability t
JOIN (
SELECT DISTINCT ON
ms.device id,
ms.calibration id

FROM calibration standards ms

JOIN calibration s ON ms.calibration id =
s.date created DESC

ORDER BY ms.device id,

serial number,

d.serial number,

d2.serial number,

(ms.device id)

level) AS (
0 AS level

t.level + 1 AS level

s.id

) latest ms ON latest ms.calibration id = (

SELECT id
FROM calibration
WHERE device id = t.id
ORDER BY date created DESC
LIMIT 1
)
JOIN device d2 ON d2.id =
)
SELECT DISTINCT id,
FROM traceability;

name,

serial number,

latest ms.device id

level

Table 1
Testing results for recursive SQL query to create a calibration chain
Number of calibrations at Approximate number of .
Number of levels . Query duration (ms)
level records in graph

up to 3 up to 6 ~200-500 ~50-300

upto3 up to 4 up to 40 ~10-50

up to 5 up to 4 up to 781 ~50-200

real case for gas meter
calibration up to 3 upto 173 ~30-120
up to 5

Summary measuring instruments, and the end user will be able

As a result of the presented study, the database
scheme and SQL query were developed to store
calibration data in relational databases and create
continuous calibration chains for measuring instruments
with branched traceability chains. The solution will
help metrological centres to keep consistent calibration
data and to ensure metrological traceability for specific

to verify whether his measuring instrument is traceable
to national measurement standards.

The proposed solution was used for the software
application development for State Enterprise “Ivano-
Frankivskstandartmetrology”, primarily for gas flow
measuring instruments. Currently, the developed
software application is undergoing testing.

6 Ukrainian Metrological Journal, 2025, No 2, 3-7



Ya. Bezghachniuk, V. Malisevych, M. Kuz, R. Zapukhlyak

IIoOynoBa JaHImora KajaiopyBaHHsI 3ac00iB BHMMipIOBaHHS
3 BUKOPUCTAHHSM pejAiifiHOI 0a3M JaHMX

A.B. besrauHiok!, B.B. Manicesn4y?, M.B. Ky3b', P.I. 3anyxnsk’

" Mpukapnamcbkul HauioHanbHUl yHigepcumem imeHi Bacunsi CmegbaHuka, syn. lllesyeHka, 57, 76018, IeaHo-®paHkiscbk, YkpaiHa
yaroslav.bezghachniuk@pnu.edu.ua

2 [ “leaHo-@®paHkiscbkcmaHdapmmemporioeisi”, 8yn. Bos4yuHeubka, 127, 76007, lsaHo-®paHkiecbK, YkpaiHa
vitaliy_malisevych@ukr.net

AHoTauis

OpmHUM i3 TOKA3HUKIB TOYHOCTI BUMipIOBaHb € METPOJIOTIYHA TTPOCTEXKYBAHICTh, KA BimOOpaXkaeThCs Y BUIIISI JIAHITIOTA
KaiOpyBaHb, 1110 € 3aJ0KYMEHTOBAHOIO MOCIiIOBHICTIO MiXX pe3yJibTaTaMu BUMiplOBaHb 3aCO0y BUMipIOBAaHHS Ta €TaJIOHAMU
BUILIOTO PiBHSI TOYHOCTI.

Ha ocHoBi mpoBeneHoro aHaii3y s 3aco0iB BUMipIOBaHHS, MPU KaJliOpyBaHHI SIKUX BUKOPUCTOBYEThCS KilbKa
€TaJIOHIB, 3alpPOMOHOBAHO 3aCTOCOBYBATM HE JIHIMHUWI JIAaHLIOT KaJiOpyBaHHSI, a po3rajyXeHuil y Burismi rpada. s
MpUKJIany, KaaiopyBaJbHUI JIAHIIOT IS JIIYWJIbHUKIB Ta BUTPATOMIpPiB razy MOBUHEH OYTH PO3Tally>K€HUM, TOMY IO Ma€e
OXOITJTIIOBATU BCi 3acO0M IJIs1 BJIACTUBOCTEM rasy: TUCK, TeMIIepaTypy, 3acOO0M BUMIipIOBaHHSI YaCOBMX iHTEPBaJIiB Ta iMITYJIbCIB.

Mertoto poboTH € MOIIYK pillleHHs Ui 30epiraHHs JaHMX MPO KajliOpyBaHHS 3ac00iB BUMIpIOBaHHS Ta MOOYI0BU
3a MMM JAHUMM JIAHIIOra KajiOpyBaHb IS KOHKPETHOTO 3aco0y BUMiplOBaHHs ISl 3a0e3MeYeHHsT MPOCTEXYBaHOCTI
B MPOCTUI CITOCIO.

YV OGinblIOCTi BITUM3HSAHMX i 3aKOPAOHHUX METPOJIOTIYHMX LIEHTPIB iCHYE TpakTUKa HagaBaTH il 30epiraTu iHdopMallio
y manepoBoMy BUTIsidi uu B Excel Tabiauisx, ajie 1ie He Ja€ 3MOTU YiTKO MiATBEpAUTH i BiITBOPUTH JIAHIIOT KaTiOpyBaHHS
IS TIEBHOTO 3aco0y BUMipioBaHHsI. ToMy 3amporoHOBaHO pillleHHs (popMyBaTH KamiOpyBajbHi JaHi 3 BUKOPMCTAHHSIM
pensiiitHoi 6a3u manux PostgreSQL mnst 36epiranHs iHdopmalii mpo 3acobu BUMiploBaHHS Ta iXHi KaniOpyBaHHS. [lpu
LIbOMY 3a0€e3MeUyeThCsl Y3rOJKEHICTh JaHUX, & TAKOX € MOXJIMBICTbh OTPUMAHHS iCTOPUYHUX JaHUX MPO KasliOpyBaHHSI.

Kpim Toro, nist noOynoBu TOKYMEHTOBAHOIO JIAHLIIOTA KaJliOpyBaHHS 10 €TAJIOHA HAWBUILOI TOYHOCTI [UISl PO3TaTyKEHUX
JIAHIIOTiB MPOCTEXKYBAHOCTI 3alPONIOHOBAHO BUKOPUCTOBYBATH BiloMMI i3 JiHiliHOI anre6pu anroput™m DFS (Depth-First
Search) — “Ilomyk y rimnbuny”.

IlpakTuyHe 3HAUYEHHS MOJISITAE B PO3POOJEHHI MPOrpaMHOrO TMPOAYKTY [Jis 3aco0iB BUMIpIOBaHHSI OO0’eMy Ta
00’eMHOI BUTpaTu rasy. BkaszaHe mnporpaMHe 3a0e3redyeHHs JacThb MOXJIMBICTH MeTposioriuHiin ycraHosi JIT “IBaHo-
DpaHKiBchKCTaHIAPTMETPOJIOTIsT” 30epiraTi CBOi KaliOpyBaJibHI JaHi B Y3TOMKEHiil ¢opMi i HO3BONUTH 3a0e3MeUnUTH
METPOJIOTIYHY MPOCTEXKYBAHICTh KOHKPETHUX 3aCO0iB BMMIipIOBaHHS J0 HalliOHAJIbHUX €TaJIOHIB.

KuiouoBi ciioBa: yiaHIor KajaiopyBaHb; 3aci0 BUMipIOBaHHS; peJisiiiiHa 0a3a AaHUX; aLMKIIYHUN CIIpsiMOBaHU rpad.
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