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Abstract

QR Code encoders are usually validated by scanning a ren-
dered image, a test that lets the decoder’s error correction
absorb encoder mistakes and that samples few of the possi-
ble inputs. This paper reports CQRC, a QR Code generator
written twice from scratch—in C# and in JavaScript—without
third-party dependencies, and evaluates it by taking the mod-
ule matrix, not the image, as the conformance unit. On a
seeded corpus of 200 inputs spanning versions 1-40, all four
error-correction levels and five payload families, the two im-
plementations produce bit-identical matrices for 192 inputs
(1,164,776 modules); the other eight expose a C# defect. A
third-party oracle (python-qrcode 8.2, invoked with an explicit
mask) agrees on 60/60 cases (585,988 modules), a 40 x 4
structural sweep passes in both languages, and byte-mode
capacity matches the published ISO table at all 44 checked
points. We diagnose the eight failures exactly: the C# Reed—
Solomon encoder indexes a polynomial whose leading zero
coefficients have been stripped, so any block whose remain-
der starts with 0x00 throws (8/200 cases; the predictor has
accuracy 1.000, against 8.95 expected occurrences in 2,292
blocks). The JavaScript port supplies the missing zero padding
and is correct. A second defect, a PNG IDAT stream without
an Adler-32 checksum, is rejected by both CPython and Node
zlib despite valid chunk CRCs. We also measure the metadata
trailer (20/20 recovered from the code words; its “ISO/IEC
21570 label is a misattribution, since ISO 21570 is a food-
analysis standard) and the geometric cost of styling: circular
finders change 16 of 49 cells per finder, and 0.5 module round-
ing removes 40% of a module’s area. No decoder was avail-
able, so we do not claim that styled symbols scan.

Artifact. The two implementations, the golden vectors,
the measurement harness and every result file are open
source at https://github.com/yxpil/CQRC. The
repository is treated as read-only input: the defects in Sec-
tion 4.5 are reported, not patched. All numbers below
come from scripts/results/=*.json, produced by
measure_cqgrc.py on the toolchain recorded in Section 7;
no package was installed from the network.

com/yxpil/CQRC

1 Introduction

QR Codes are the most widely deployed two-dimensional bar-
code, and a QR encoder is small enough to be reimplemented
from the specification in a few thousand lines. CQRC is one
such project: a C# library and a JavaScript port that gener-
ate symbols for versions 1-40 and all four error-correction
levels, render them as PNG, SVG or PDF, apply commercial
styling (linear gradient, rounded modules, rounded frame, cir-
cular finder patterns, centre logo), and append an application-
defined metadata trailer to the encoded data.

Correctness of such code is normally established by scan-
ning a rendered image. That is a weak oracle for three rea-
sons. First, Reed—Solomon decoding corrects up to ¢ erro-
neous code words, where the number of error-correction code
words is 2¢ Lin and Costello (2004); a symbol whose error-
correction bytes are computed incorrectly can therefore still
decode, because the decoder treats the discrepancy as chan-
nel noise. Second, the image is not the encoder: styling and
rasterization change the image while leaving the code words
untouched, so an image test conflates two layers. Third, de-
coders differ in what they tolerate and in how they interpret
payload bytes Kieseberg et al. (2010). A scan test samples one
decoder, one image and one input.

The input space is much larger than a test suite usually
covers: 40 versions, four error-correction levels, eight masks,
several segmentation choices and an arbitrary payload. The
committed CQRC tests already compare seven python-qrcode-
generated vectors at the module level, which is the right unit,
but seven inputs cannot cover this space. Both defects reported
below survive those tests.

Contributions.

1. A dual implementation and its measured equivalence. Two
encoders with disjoint code paths (about 2,000 lines of C#,
837 lines of JavaScript, no third-party packages) agree bit-
for-bit on 192 of 200 seeded inputs (1,164,776 modules),
on 60/60 third-party oracle cases (585,988 modules), on
all seven committed golden vectors, on a 40 x 4 struc-
tural sweep, and on a 160-point capacity check against four
sources.

2. A module-matrix differential method. The conformance
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unit is the tuple (version, mask, W x W matrix), with the
interleaved code-word sequence as a diagnostic. Three ora-
cles are combined: cross-language comparison, an external
encoder invoked with an explicit mask, and an independent
algebraic Reed—Solomon remainder check. We separate
policy compatibility (same matrix as a reference encoder)
from invariant conformance (properties the standard fixes),
because QR encoding is not unique.

3. Two defects, diagnosed. The C# encoder crashes on any
Reed-Solomon block whose remainder begins with a zero
byte, because a polynomial indexer throws on negative in-
dices; the failure occurs in 8 of 200 inputs and is predicted
with accuracy 1.000. The C# PNG writer emits a zlib
stream without the Adler-32 trailer, which both CPython
and Node reject.

4. Metadata insertion, measured and audited. A trailer of
four header bytes, a length and sorted-key JSON is ap-
pended as a normal byte-mode segment. It was recovered
byte-for-byte from the de-interleaved code words in 20/20
cases, with the original text intact as the prefix, but the
“ISO/IEC 21570” name is a misattribution: ISO 21570 is a
food-analysis standard, not a QR standard.

5. The geometric cost of styling. Circular finders replace 16
of the 49 cells of each finder and remove 21.5% of its dark
area while preserving the 1:1:3:1:1 profile along the axes;
rounded modules remove up to 40% of a module’s area; a
light gradient endpoint has 1.80:1 contrast. Decodability
is not claimed: no barcode decoder was available on the
measurement host.

2 Background

2.1 Encoding pipeline

A Model 2 symbol of version v € [1,40] is a square grid of
W = 174 4v modules. Finder patterns, separators, timing pat-
terns, alignment patterns (for v > 2), the dark module and the
reserved format areas are fixed; the remaining modules carry
data and error-correction code words. Version information is
added forv > 7.

Data is split into segments, one per mode: numeric (10 bits
per three digits), alphanumeric (11 bits per two characters),
byte (8 bits per byte) and kanji (13 bits per character). Each
segment starts with a 4-bit mode indicator and a character-
count field whose width depends on the mode and on the ver-
sion group (1-9, 10-26, 27—40). The bit stream is terminated,
padded to a byte boundary and filled with the alternating pad
bytes 0xEC and Ox11 up to the data capacity of the chosen
version and level ISO/IEC (2015).

The capacity is expressed as a table of blocks: each of the
160 (version, level) pairs specifies a number of Reed—Solomon
blocks, each with a data count and an error-correction count.
For each block, the encoder computes the remainder of the
message polynomial m(z), shifted by n positions, modulo the

generator polynomial
ey

over GF(28) with primitive polynomial 0x11D Reed and
Solomon (1960); Lin and Costello (2004). The data and error-
correction code words of all blocks are interleaved, and the re-
sulting bit stream is placed in two-module-wide vertical strips
in a zigzag from the bottom right, skipping function patterns
and the vertical timing column.

Eight mask patterns are then applied to the data modules,
and the pattern with the lowest penalty under the four ISO scor-
ing rules is selected; the format information (BCH(15,5), XOR
mask 0x5412) and, where applicable, the version information
(BCH(18,6)) are written last.

2.2 What the standard fixes and what it leaves
free

The standard fixes the function patterns, the format and ver-
sion encoding, the Reed—Solomon code, the padding bytes and
the placement. It does not fix the segmentation (multiple seg-
mentations can encode the same text) and it does not require
a particular mask: the penalty rules are guidance for choos-
ing one. Two conforming encoders can therefore emit differ-
ent matrices for the same input. This distinction matters for
evaluation. We call policy compatibility the case where two
encoders make the same segmentation and mask choices and
hence produce the same matrix; we call invariant conformance
the case where a symbol satisfies properties that the standard
does fix (grid size, function patterns, valid BCH fields, Reed—
Solomon divisibility, declared capacity). The method in Sec-
tion 4 checks both, and does not present the first as the second.

3 Architecture

3.1 Two implementations

The C# library contains 19 source files (1,995 lines): a core en-
coder of 1,285 lines (bit buffer, segment splitting, block table,
GF(28) arithmetic, Reed—Solomon, BCH, matrix construction,
mask scoring), a 63-line metadata builder and a 647-line ren-
dering layer. The JavaScript port is a single 837-line UMD file
with the same pipeline; it can run in a browser or in Node.
Both implementations duplicate the same constant tables:
the 160-row block table, the alignment-pattern coordinates and
the character-count widths. The tables are literals, not gener-
ated at run time, so a transcription error is possible; we parsed
the block table out of both sources and compared it element
by element (160 rows, identical). The bit stream, padding, in-
terleaving, placement and format fields follow the same code
structure, but the code paths are separate: the ports share no
source, and they differ in language semantics that matter here
(integer division, array bounds, UTF-8 encoding, hashing).
Mask scoring deliberately reproduces the implementation
choices of python-qrcode 8.2, because the committed golden



vectors were produced by that package: the 2x2 rule skips a
column after a mismatch, the 1:1:3:1:1 rule uses an 11-module
window with a one-position skip, rule 4 uses a floating-point
dark ratio, and format bits are left light while scoring, match-
ing python-qrcode’s test mode. These choices are compatibil-
ity features, not claims of ISO conformance; Section 8 returns
to this point.

The committed test suites are small. node js/test.]s
runs 16 checks (SHA-256, Reed—Solomon, structure and the
seven golden vectors); dotnet test reports 15 passing xU-
nit results, of which 14 assert behaviour (seven code-word and
seven matrix comparisons) and one is an empty placeholder.
Both suites pass in this environment, as recorded in Table 2.

3.2 Rendering and styling

The matrix is rendered by a pixel loop over an output image
that includes the four-module quiet zone. The renderer sup-
ports a solid or linearly interpolated foreground, a rounded
outer frame, rounded module corners, circular finder patterns
and a centre logo. PNG output is written by hand: THDR, a
single IDAT and IEND chunks, a hand-written CRC-32, a two-
byte zlib header and a DeflateStream for the compressed
payload. SVG and a one-page vector PDF are produced by
the other renderers; the JavaScript port emits SVG and canvas
images.

Styling is a pure function of the matrix: it changes colours
and the shapes of cells but never the code words or the module
values stored in the matrix. Any loss of decodability is there-
fore an image-level property, which is why Section 6 measures
geometry rather than encoding.

4 Differential Testing at Module Level

4.1 Conformance unit and oracle protocol

For an input I (text, level, optional version, segmentation flag,
optional metadata) an encoder returns a version v, a mask m,
a matrix M € {0,1}">*"W and an interleaved code-word se-
quence C. We treat (v, m, M) as the conformance unit and
compare all W2 modules, using a SHA-256 digest of the row-
major matrix for speed and falling back to a full matrix diff to
localize a mismatch. C'is retained as a diagnostic: if two ma-
trices differ, the code-word digest says whether the difference
originates before or after placement.
Three oracles are used.
* Cross-language. The same input is encoded by both im-

plementations and the matrices are compared. This detects
divergence but cannot decide which side is right.

» External encoder. python-qrcode 8.2 is con-
structed as QRCode (version, ec, border=0),
fed with add_data(text, optimize=4) (or

optimize=0), fitted, and queried for its best mask;
makeImpl (False, mask) then returns the matrix for
that explicit mask. Passing the mask explicitly removes

Family Cases Modules compared
Fixed version (one per version) 40 477,320
Random auto-version 100 422,908
Metadata trailer 20 70,604
Capacity boundary 20 168,324
Optimization-sensitive 20 25,620
Total 200 1,164,776

Table 1: Seeded differential corpus. Modules are counted only
for the 192 inputs for which both implementations returned a
matrix; the eight C# failures have no matrix to compare. Ver-
sions 1-40 all occur.

mask selection from the oracle, so a disagreement is at-
tributable to encoding or placement rather than to scoring.
The oracle shares no code with either implementation.

*» Algebraic invariant. The harness de-interleaves the code
words into per-block data and error-correction bytes and
computes, in Python, the remainder of the concatenation
datallec modulo g(z) over GF(28). Every block must
have a zero remainder. This check is independent of both
encoders and of python-qrcode, and it validates error cor-
rection even for symbols whose matrix is not compared.

The matrix unit also makes failures observable that an image
test hides: a wrong error-correction byte changes modules, but
a decoder may correct it and report success.

4.2 Corpus

The corpus is generated by a Python script with seed 20261021
and contains 200 cases in five families (Table 1). Fixed-version
cases force each version once, cycling the level; random cases
draw payloads from six generators (numeric, alphanumeric,
URL, ASCII, UTF-8 with CJK and emoji, and mixed text with
digit runs) with sizes log-uniform between 2 and about 1,600
bytes; metadata cases add one to three alphanumeric keys and
randomly enable the automatic content hash; boundary cases
use a byte payload of exactly the capacity or one byte less for
a random (version, level); optimization cases embed digit runs
in prose so that greedy segmentation changes the result. In
total 94 cases exercise the segmentation optimizer, and all 40
versions occur.

4.3 Structural and capacity sweeps

Two exhaustive checks complement the random corpus. The
structural sweep forces each of the 160 (version, level) pairs
with a short payload and verifies the grid size 17 + 4v, a mask
in 0...7, the expected code-word count and the absence of
unfilled data modules; both implementations pass all 160 com-
binations. With this fixed short payload the penalty function
selects mask 4 in 80 of the 160 combinations and never selects
mask 7 (histogram: 35, 8, 28, 3, 80, 2, 4, 0 for masks 0-7).
That distribution is a property of the payload, not of the scorer,
and is reported to avoid the impression that mask 4 is canoni-
cal.
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Figure 1: Byte-mode capacity returned by the binary search
for all 40 versions and four levels (160 points, logarithmic ordi-
nate). Every value agrees with the C# search where computed
(28 points), with python-qrcode 8.2 (64), with transcribed
ISO/IEC 18004 Table 7 values (44), and with the block-table
capacity (all 160).

Capacity is checked by binary search on the length of a
forced byte-mode payload, at a fixed version, in both imple-
mentations. The resulting 160 values are compared with four
sources: the C# search at 28 points (versions 1, 2, 3, 5, 10,
20 and 40), python-qrcode’s behavioural fit at 64 points (16
versions), the published ISO/IEC 18004 Table 7 values at 44
points (versions 1-10 and 40), and the capacity implied by the
block table at all 160 points. There are no mismatches: for ex-
ample version 1/H holds 7 bytes, version 10/M holds 213 and
version 40/L holds 2,953. Figure 1 shows the full surface.

4.4 Results

Table 2 collects every check. The committed suites and the
seven golden vectors pass. The structural sweep passes in both
languages and the two implementations choose the same mask
in all 160 cases. Capacity has no disagreement across four
sources. The cross-language corpus is bit-exact on all 192 in-
puts that both sides accept, and the external oracle agrees on
all 60 cases it was given. The two failures are the exceptions:
eight inputs crash the C# encoder, and the PNG writer pro-
duces a stream that no standard zlib decoder accepts.

4.5 Defect 1: a negative index in the encoder

The eight failing inputs all terminate with the same message,
Index was outside the bounds of the array,
and no matrix is produced. The JavaScript port accepts the
same inputs, and an independent Reed—Solomon check finds
a zero remainder for every block of every JavaScript output,
including these eight.

The cause is in the interaction of two helpers. GfPoly
stores coefficients most-significant first and strips lead-
ing zeros, so a remainder with z leading zero bytes
has length ne. — z. Its indexer (GfPoly.cs:25) re-

Check Cases Unit Result

Committed JS suite 16 tests 16 pass

Committed C# suite 15 tests 15 pass®

Golden vectors 7 11,375 modules 7/7 both

Structural sweep 160 (version, level) 160/160 both
Capacity 160 byte count 0 mismatch
Cross-language 200 1,164,776 modules 192 equal, 8 throws
python-qrcode oracle 60 585,988 modules 60/60

Metadata trailer 20 8 checks each 20/20

PNG writer 1 IDAT / zlib invalid stream

Table 2: All checks performed. “14 of the 15 assert behaviour
(seven code-word and seven matrix comparisons); one is an
empty placeholder counted by xUnit.

turns 0 for an index beyond the stored coefficients but
throws for a negative index. ReedSolomon.Encode
(ReedSolomon.cs:31-33) right-aligns the remainder in
the n..-byte field by setting offset = mod.Length
— ecCount and copying mod[i + offset] for i
0,...,Mec — 1. When z > 0, offset is negative and the
first z reads are out of range. C# throws; JavaScript evaluates
the same reads to undefined, which becomes zero when
stored into the code-word buffer. Those zeros are precisely the
padding the field requires, so the JavaScript result is correct.

The hypothesis predicts exactly which inputs fail: a symbol
fails if and only if at least one of its Reed—Solomon blocks
has a remainder whose first byte is zero. Over the 200 in-
puts there are 2,292 blocks and nine such remainders, in eight
symbols (one symbol has two). The predictor has 8 true posi-
tives, 0 false positives, 0 false negatives and 192 true negatives,
for accuracy 1.000. Under a uniform first-byte model one ex-
pects 2,292/256 ~ 8.95 zero-leading remainders; nine were
observed. The smallest failing case is a version-2 symbol with
a single block (auto-043-alnum). The defect is therefore
not a rare corner of the specification but an input-dependent
crash with probability around 4% for random payloads of this
corpus, absent from the seven golden vectors because none of
their blocks happened to start with a zero byte.

4.6 Defect 2: a PNG stream without Adler-32

The C# renderer writes a 328 X328 RGBA image for a version-
4 symbol. The container is well formed: IHDR, one IDAT and
IEND are present, all three CRC-32 values are correct, the zlib
headeris 78 9C, and the 5,458 raw DEFLATE bytes inflate to
exactly 430,664 bytes (328 x328 x4 plus 328 filter bytes). The
stream nevertheless has no Adler-32 trailer: the last four bytes
are F5 EF FC 1F, whereas the Adler-32 of the inflated pay-
load is FO EA 7C F8. CPython’s zlib reports “incomplete
or truncated stream” and Node’s zlib reports “unexpected end
of file”. The code comment above the compressor states that
DeflateStream supplies the Adler-32; it does not, because
it emits raw DEFLATE rather than a zlib wrapper. A test that
checks only chunk CRCs, as the project’s tests do, cannot see
this.

The two findings are complementary. The first is an input-
dependent logic error that a small set of golden vectors misses;



the second is a systematic format error that a container-level
check misses. Neither is detected by the committed suites, and
both are reproducible from the scripts in the artifact.

5 Auxiliary Metadata after the Data

5.1 Wire format

The project appends optional metadata after the user’s text.
The metadata is first serialized as a JSON object with keys
sorted by ordinal comparison and values as strings (or null);
when enabled, a content_hash field is added with the
SHA-256 of the concatenated input, in lowercase hex. The
serialized bytes are placed behind a six-byte prefix:

00 00 A1l 00 | Lig || JSON,

where Lig is the JSON length as a 16-bit big-endian integer.
The whole record is then wrapped in a normal byte-mode seg-
ment (4-bit mode indicator, character-count field, payload) and
appended to the segment list before encoding. It is therefore
protected by the same Reed—Solomon code as the text, and it
sits at the end of the data stream. No structured-append sym-
bol, ECI designator or new error-correction level is involved.

In the 20 metadata cases the JSON ranged from 14 to 134
bytes and the whole segment from 172 to 1,140 bits. For ver-
sions 1-9 the byte-mode count field is eight bits and for ver-
sions 1040 it is sixteen; the largest payload observed was 140
bytes, so the field is not exceeded. A payload above 255 bytes
could not fit a version-9 symbol in any case (version 9/L holds
232 bytes), so the eight-bit field is sufficient by construction in
this format.

5.2 Round-trip from the code words

We de-interleaved the data code words of each metadata sym-
bol, parsed the segment stream (numeric, alphanumeric and
byte modes, with the version-dependent count widths) and
checked eight properties per case: the metadata record is the
last segment; the stream is terminated or exactly fills the ca-
pacity; the four header bytes match; the 16-bit length equals
the remaining payload length; the length fits the count field;
the JSON parses and equals the expected object (including the
content hash); the keys are sorted; and the text segments that
precede the record reproduce the original input exactly. All 20
cases pass all eight checks.

Two consequences follow. The record is recoverable from
the transmitted code words alone, so a decoder or post-
processor can separate it from the text; and the text is not dis-
placed, because it occupies the earlier segments unchanged.

5.3 Decoder semantics and label provenance

ISO/IEC 18004 decoders concatenate the payloads of all seg-
ments in order. A conforming decoder therefore returns the
original text followed by the six-byte prefix and the JSON, not
the original text alone. The prefix bytes are not valid UTF-8,

I1SO finder (33 dark cells)circular style, sampled (16 differ)
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Figure 2: Left: the ISO 7x7 finder (33 dark cells). Right: the
circular replacement sampled at module centres; red outlines
mark the 16 cells whose value changes. The dark/light/dark/-
dark/dark/light/dark profile along both axes, i.e. the 1:1:3:1:1
ratio, is preserved.

so the exact decoded string depends on the decoder’s byte-to-
text policy (stop at a NUL, substitute replacement characters,
or expose bytes). An application that compares the decoded
string with the input will observe a mismatch. The trailer is
best understood as application data that a metadata-aware con-
sumer strips, not as transparent metadata that other decoders
ignore.

The name “ISO/IEC 21570” is not supported. ISO
21570:2005 is Foodstuffs—Methods of analysis for the detec-
tion of genetically modified organisms and derived products—
Quantitative nucleic acid based methods 1SO (2005), a 110-
page food-analysis standard with no relation to barcodes; no
ISO/IEC 21570 exists in the AIDC committee’s programme.
The header constant 00 00 Al 00 is private to this project.
Calling the record “ISO/IEC 21570 metadata” in documenta-
tion, as the repository does, invites interoperability assump-
tions that no third party can satisfy. If a registered syntax is
required, ISO/IEC 15434 defines a syntax for high-capacity
ADC media ISO/IEC (2006); otherwise the record should be
documented as a private extension with its own version field.

6 The Geometric Cost of Styling

The circular-finder option replaces each 7x7 finder pattern by
a filled disc of radius 1.5 module units and a ring between radii
2.5 and 3.5, evaluated per output pixel. Sampling the result at
module centres, 16 of the 49 cells change: the four 2 x2 corner
blocks of the standard pattern become light, while the 33 cells
of the cross and the centre remain dark (Figure 2). In a version-
3 symbol the three finders contribute 48 changed cells out of
841 modules, or 5.7% of the matrix.

The dark area of a finder falls from 33 to 8.2567m ~ 25.92
module squares, a loss of 21.5% (from 67.3% to 52.9% of the
77 box). A horizontal or vertical scan through the centre still
crosses dark runs of 1, 3 and 1 modules separated by light runs
of 1, as the standard requires. The pattern is thus geometrically
plausible, but the corner samples—which some decoders use
when locating a symbol—are inverted.



Feature Measure Value
Circular finder cells changed per finder 16/49
cells changed per version-3 symbol 48/841
dark area (module?) 33— 2592
axial dark runs 1:3:1
Module rounding area removed at 0.1/0.25/0.3/0.5 4/12/20/40%

17.4/5.57/1.80
2.25% (not tested)

contrast at #1A1A1A/#0066CC/#66CCFF
area at default width

Gradient
Logo

Table 3: Measured geometry of the styling options. None of
these measurements is a scan test.

Rounded modules remove corner pixels from every dark
cell. At a rounding ratio of 0.1, 0.25, 0.3 and 0.5 (with a 10-
pixel module) the removed area is 4%, 12%, 20% and 40% of
the cell, and the module centre remains inside the drawn shape
in all four settings. At the maximum ratio the module is vis-
ibly a rounded blob; the code words are unchanged, but the
fraction of ink available to a binarizer falls sharply.

Gradient colouring introduces a contrast limit at one end of
the symbol. The default foreground #1A1A1A on white has
a contrast ratio of 17.4:1; #0066CC has 5.57:1; #66CCFF
has 1.80:1, below the 3:1 threshold that WCAG 2.1 applies to
non-text content W3C (2018). A gradient from the second to
the third colour therefore ends in a region where the symbol’s
modulation is weak. The default logo occupies 15% of the
symbol width, or 2.25% of its area before padding; we did not
evaluate logo coverage. These numbers describe the image,
not a scanning outcome.

No barcode decoder was installed on the host: OpenCYV,
pyzbar and zbarimg were absent, and only Pillow was avail-
able. The repository’s README states that the circular style
has been read by jsqr and by phone cameras; we did not re-
produce that claim, and we make no decodability claim of
our own. The measurements above identify where a decoder
would have to cope: inverted corner cells in the finders, up to
40% less ink per rounded module, and a low-contrast gradient
end.

7 Encoding Cost and Toolchain

All measurements ran on one Windows host with .NET
SDK 10.0.402 (runtime 10.0.13), Node v24.21.0 and Python
3.13.14. The grcode package (8.2) was already installed; no
package was installed from the network, and the version was
read from the installed metadata. The committed suites ran ver-
batim: the JavaScript suite passed 16/16 in 0.47 s and the C#
suite reported 15/15 in 8.52 s, including the empty placeholder
discussed above.

Table 4 reports encode throughput as the median of five runs
of 100 or 300 iterations per scenario, after warm-up, on a sin-
gle thread. The C# implementation is 1.18-1.34 times faster
than the JavaScript one on these scenarios. A fixed version-10
symbol costs about three times a version-4 URL symbol, as
expected from the growth of the matrix and the eight mask tri-
als. Enabling the automatic content hash raises the cost of the
version-4 URL case by about 2.2 times in JavaScript and 2.0

Scenario Payload JS C# C#/IS
(bytes) (enc/s) (enc/s)

URL, auto version 49  329.1  440.0 1.34

URL, fixed version 10 49 1072 133.6 1.25

URL, auto, hash 49 146.7 1735 1.18

Numeric, auto version 40 709.2 910.5 1.28

Table 4: Encode throughput, median of five runs. “enc/s” is
complete generate () calls per second; the reciprocal is the
cost per symbol.

times in C#, which is consistent with SHA-256 over the pay-
load plus JSON serialization. These are host-specific figures
from a non-isolated process; they are useful for comparing the
two implementations, not for comparing languages.

The toolchain also determines what could be tested. .NET
was available, so the C# suite and the C# harness ran; the
numbers in this paper are not inferred from the JavaScript side
alone. Python was available, so python-qrcode could serve as
an external oracle and the independent Reed—Solomon check
could be written. No barcode decoder was available, so the
styling study stops at geometry.

8 Threats to Validity

Independence. The two implementations were written by
the same author and share tables and design decisions. Their
agreement is evidence of consistency, not of independent
derivation. The external oracle and the algebraic check are the
strongest defences against a shared misunderstanding; both are
limited to the cases they cover.

The oracle is an implementation, not the standard.
python-qrcode is a widely used encoder, but it is not a norma-
tive reference. The CQRC mask scorer deliberately copies its
penalty quirks, so the 60/60 oracle result demonstrates com-
patibility with python-qrcode, not conformance to ISO/IEC
18004. The structural sweep and the capacity check are the
parts of the evaluation that test standard-fixed properties; the
mask histogram and the golden vectors are compatibility re-
sults.

Sampling. The corpus has one seed and 200 cases. The
eight failures are input-dependent, and a different seed would
produce a different count; the per-block probability of a zero-
leading remainder is about 1/256, and the observed nine in
2,292 blocks is consistent with it. The 60 oracle cases cover
versions 1-40 with one fixed case per version and 20 random
cases; they do not cover every mode/level combination.

Capacity sources. Only 44 of the 160 capacity values were
compared with transcribed ISO table entries (versions 1-10
and 40), and the codeword-derived value uses the same block
table that both implementations use, so it is not an independent
oracle. The behavioural and C# searches are independent code
paths but share the table.



Metadata. The 20 metadata cases exercise the project’s pri-
vate trailer, not any external standard. No third-party consumer
was available to parse it, and the round-trip check uses our own
parser. The claim that a conforming decoder returns text plus
trailer follows from the segment semantics, but it was not ob-
served with an external decoder.

Styling and scanning. No decoder and no camera were
available. The styling results are geometric measurements; the
repository’s README claim about jsqr and phone cameras is
not reproduced. Contrast ratios are computed from the config-
ured colours, not measured from a rendered image or a print.

Read-only repository. Both defects remain in the repository.
No regression test was added, and the C# suite still passes. The
artifact reproduces the failures but does not fix them.

9 Related Work

Standards and encoders. ISO/IEC 18004 defines the sym-
bology, including the block table and the mask penalty
rules ISO/IEC (2015); Reed—Solomon coding and its alge-
braic decoding are classical Reed and Solomon (1960); Lin
and Costello (2004). Open-source encoders such as python-
qrcode Lincoln Loop (2025) are the de facto reference for
many projects, and their choices (segmentation, mask scoring,
padding) become compatibility targets. CQRC is unusual in
maintaining two language ports with a shared golden-vector
suite and in testing the matrix rather than the image.

Differential testing and oracles. Differential testing com-
pares implementations on the same input McKeeman (1998);
it found many compiler bugs when applied at scale Yang et al.
(2011). Random generation of inputs is the standard way
to widen coverage Claessen and Hughes (2000). The oracle
problem—what to compare against when no reference exists—
is surveyed by Barr et al. Barr et al. (2015); metamorphic
relations and algebraic invariants are one answer Chen et al.
(2018). Our Reed—Solomon divisibility check is such an in-
variant, and the explicit-mask oracle is an attempt to isolate
one stage of the pipeline.

Styling. Halftone QR codes replace modules by sub-module
patterns to embed an image while preserving a readable
core Chu et al. (2013); QArt codes use the error-correction
capacity to paint a picture in the data region Cox (2012). Both
accept a decodability risk that is usually assessed by scan-
ning. Our contribution is narrower: we quantify the geometric
changes of a commercial styling layer and state explicitly that
scanning was not measured.

Security and interpretation. Kieseberg et al. analyse the se-
curity implications of QR payloads and the role of decoder
behaviour Kieseberg et al. (2010); the metadata discussion in
Section 5 is a related interoperability caution: a private trailer
changes the decoded string even though the symbol remains
valid.

10 Conclusion

CQRC is a small artifact that exposes a general problem:
QR encoders are easy to write and hard to validate with im-
ages. Treating the module matrix as the conformance unit, and
adding an external encoder and an algebraic Reed—Solomon
check as oracles, produced a precise account of two imple-
mentations: 192 of 200 inputs are bit-identical, 60/60 oracle
cases agree, all 160 structural combinations pass, and capac-
ity agrees at all 160 points. The same method found two de-
fects that the committed suites missed: a C# crash on Reed-
Solomon blocks with a zero-leading remainder, predicted with
accuracy 1.000 from the code words, and a PNG IDAT stream
without the Adler-32 trailer, rejected by two independent zlib
implementations.

The study also documents two limits that are easy to over-
look. A metadata record appended as a byte segment is recov-
erable and leaves the text intact, but a standard decoder returns
text plus record, and the project’s “ISO/IEC 21570 label is a
misattribution to a food-analysis standard. Styling changes the
image in measurable ways—16 of 49 finder cells, up to 40%
of a module’s area—and those changes were not tested against
a decoder. Future work should add a decoder oracle (a soft-
ware reader plus a print-and-scan study), fix the two defects,
and turn the leading-zero predictor into a regression test.
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