






TO-MUSE SOMALIA
Variable 7 59 27
(starting handshape on h1) (open-G) (spray)
Variable 8 30 11
(ending handshape on h1) (closed-G) (flat-O)
Variable 32 C C
(type of handshape change) (closing) (closing)

Table 1: Minimal Pair A: handshape contour

IF OKAY
Variable 7 34 34
(starting handshape on h1) (O) (O)
Variable 8 10 19
(ending handshape on h1) (F) (K)
Variable 32 X X
(type of handshape change) (HS contrast) (HS contrast)

Table 2: Minimal Pair B: handshape contrast

selected fingers, as in okay in Table 2. Here, the
hand configuration starts with all fingers selected
in the O handshape and changes to the index and
middle fingers plus thumb selected in the K hand-
shape—i.e., a handshape contrast.

The two minimal pairs in Tables 1 and 2 pose
a problem for the match/no-match approach. Be-
cause the signs in minimal pair B, if and okay,
contrast only by the second handshape in variable
8, a comparison of these two variables should find
variable 8 as the minimal difference, with all other
features being the same.6 However, the minimal dif-
ference for the signs in minimal pair A, to-muse and
Somalia, are the starting handshapes in variable
7 because the ending handshapes are predictable
based on the type of handshape movement in vari-
able 32 (closing). In this case, variable 8 should
be ignored so that only one difference is counted.
Yet, a simple match/no-match calculation would
find two differences in minimal pair A, not one.

6The sign okay can be produced with either one or
two hands (value ‘E’ in variable 1), so the number of
hands is not counted as a difference.

Another use of conditional processing is to ac-
count for the fact that some characteristics of signs
are phonetically important but are not themselves
contrastive. That is, they play a role in phonology
and should appear in a coding schema, but are not
the basis for phonological contrast. An example is
major area, which is important because it accounts
for the distribution of two-handed signs, especially
when laterality features are involved. For instance,
two-handed signs in a contralateral location on the
head are disallowed in many sign languages, but
head is itself is not a unit of contrast.

In order to capture these kinds of contingent prop-
erties of signs, conditionalities are written into the
CatFormCompare tool. In the case of minimal pairs
A and B, the conditionalities for variable 8 (the end-
ing handshape) are as follows: (i) if the handshapes
in variable 7 are different then do not compare the
values in variable 8 at all; (ii) if one value is null in
variable 8 then do not compare them; (iii) if both
have the same value do not compare them; (iv) if
both are different then do count this as a difference.
The full list of current conditionalities are listed in
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Table 3.7 Any variables not listed in this table are
evaluated using the simple match/no-match opera-
tion.

4. CatFormCompare tool

The core purpose of the CatFormCompare tool is
to calculate the phonological distance between all
pairs of signs in a dataset, applying conditionalities
in order to make only the relevant comparisons.
For each pair, it also removes any features from
consideration that are not relevant, such as the
ending handshapes in Table 1 (i.e., in variable 8).
Therefore, it also functions as a way to correct one
effect of using field-based coding in databases: the
denominator of possible similarities is not all 42
variables, but only those that are relevant in each
pair comparison.

First, the tool loads the data from a csv file con-
taining the phonologically coded signs in SL Cat-
Form format. It then performs comparisons be-
tween each pair of signs based on the conditionali-
ties described in Section 3.2 and Table 3.

In order to make the CatFormCompare tool eas-
ier to use, a lightweight interface was created using
the Python tkinter library,8 which allows the user
to select the input file and perform the calculation
of matching pairs, as shown in Figure 3. Some
options are available in the interface: (i) the num-
ber of differences between pairs to search for (1
for minimal pairs); and (ii) whether the standard
conditionalities should be used for the comparison.
If the standard conditionalities are not used, the
user can constrain the value of a particular variable
or select to ignore certain pre-defined variables, as
shown in the lower half of Figure 3.

The main output of the CatFormCompare tool is
a comma-separated file containing all the matching
sign pairs; sample shown in Table 4. A summary
file report is also provided that lists the conditional-
ities that were chosen, the number of differences
selected for comparison, and a count of how many
pairs were found with each of the selected differ-
ences, as shown in Figure 4. The interface also
optionally allows the input file to be checked for
coding errors (based on a csv file of the coding
schema variables and values). If any value is found
that does not conform to the specifications—i.e., SL
CatForm coding values—a file is generated with a
list of warnings about values that do not match the
master coding schema. Each warning specifies:
the variable in question, allowed values specified
in the coding schema, actual value in the input file,

7Details of all of the possible values for each variable
can be found in Morgan (2026)

8https://docs.python.org/3/library/tkinter.

html#module-tkinter

Figure 3: Screenshot of CatFormCompare tool

Comparisons with conditionalities
Ignoring variables []
Searching for pairs with 1 differences
Total pairs: 1075
Parameters which differ: [7] - number of pairs 512
Parameters which differ: [23] - number of pairs 189
Parameters which differ: [28] - number of pairs 74
Parameters which differ: [20] - number of pairs 72
Parameters which differ: [35] - number of pairs 62
Parameters which differ: [21] - number of pairs 36
Parameters which differ: [1] - number of pairs 31
Parameters which differ: [37] - number of pairs 16
Parameters which differ: [30] - number of pairs 13
Parameters which differ: [26] - number of pairs 10
Parameters which differ: [40] - number of pairs 9
Parameters which differ: [41] - number of pairs 8

Figure 4: Summary file report from the CatForm-
Compare tool

and ID of the gloss(es) with the non-matching value.
Two example warnings can be seen in Figure 5.

WARNING: variable 4 "HANDS MOV. SIMULT./ALTERNAT.
(PHASE)"

allowed values are [’0’, ’A’, ’S’]
unknown value "_" in 1 glosses [’403 CLASS-1’]
unknown value "O" in 1 glosses [’1672 PAKISTAN’]

WARNING: variable 33 " + ORIENTATION MOVEMENT"
allowed values are [’0’, ’R’]

unknown value "C" in 1 glosses [’896 FROM-3’]

Figure 5: CatFormCompare tool warnings about
unknown values in variable codings

5. Preliminary Evaluation

The phonological analysis of KSL (Morgan, 2022)
was largely based on a dataset of 1,880 non-
compound signs coded for phonological charac-
teristics in a FileMaker Pro database. There were
449 minimal pairs found among this set.9 These

9Morgan (2022) reports 461 minimal pairs, but 11
contain a sign that is not among the set of 1,880, so
those pairs are not relevant for the evaluation here.

https://docs.python.org/3/library/tkinter.html#module-tkinter
https://docs.python.org/3/library/tkinter.html#module-tkinter
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No. Name Description of conditionality operation
1 NUMBER OF HANDS If a sign can be either 1-handed or 2-handed (‘E’ for either), then ‘E’ is counted as the same value as

‘1’ or ‘2’
2 SAME SHAPE ON EACH HAND Do not compare; this variable is only used to apply conditionality statements
3 BALANCED MOVEMENT Do not compare; this variable is only used to apply conditionality statements
4 SIMULTANEOUS / ALTERNATING Only compare values in this variable if the movement on the hands is balanced (‘B’) in Variable 3
5 HANDS CONNECTED, CROSSED Only compare values in this variable if both signs are two-handed, either one- or two-handed, or the

non-dominant hand is a base or grips the dominant hand; i.e., variable 1 = ‘2’, ‘E’, or ‘B’
8 H1 2ND SHAPE (DYNAMIC) Only compare values in this variable if the handshapes in variable 7 are different (and not ‘0’) and if

both values in variable 8 are not ‘0’, and if both values are different from each other
9 WHOLE HANDSHAPE (H2) Only compare values in this variable if neither value is ‘00’; do not compare values in this variable if

both signs in variable 2 have the value ‘S’; i.e., if h2 is a copy of h1 in both signs in the pair
22 MAJOR AREA Do not compare; this variable is only used to apply conditionality statements
24 2ND LOCATION Only compare values in this variable if one sign in the pair has a value that is not ‘00’; if one sign in a

pair doesn’t have a second location, but the other sign does, then count this as a difference
25 LATERAL SYMMETRY Only compare values in this variable if the major area is on the torso, neck, head, or in neutral space.

Also, do not compare pairs for lateral symmetry when they have a location of cheek or ear (which are
ipsilateral if one-handed by default) and those signs differ by number of hands

27 PATH SHAPE Only compare values in this variable if both signs have path movement (variable 26 = ‘P’)
28 PATH AXIS 1, or PLANE Only compare values in this variable if both signs have path movement (variable 26 = ‘P’)
29 PATH AXIS 2 Only compare values in this variable if both signs have a value that isn’t null
30 PATH DIRECTIONALITY Only compare values in this variable if the path axis is the same in both signs (both have same value

in variable 28). Don’t penalize a sign if it moves in both directions on an axis rather than only one
direction: if either (or both) signs in the pair for variable 30 = ‘B’, then count these as the same

34 TYPE OF ORIENTATION CHANGE Only compare values in this variable if both signs have orientation change (‘R’ in variable 33)
35 NUMBER OF SYLLABLES If either sign for variable 35 = ‘E’ (is either mono- or multi-syllabic) , count this as the same as ‘1’ or ‘M’

in a pair, but different from ‘H’ (hold); all other values are counted as different from each other
36 REPEATED, EXACT Only compare values in this variable if both signs are multi-syllabic or can be either mono- or multi-

syllabic (variable 35 = ‘M’ or ‘E’)
37 DISPERSED (REPEAT 2

LOCATIONS)
Only compare values in this variable if both signs are multi-syllabic or can be either mono- or multi-
syllabic (variable 35 = ‘M’ or ‘E’); if pairs differ in this variable, then ignore variable 36

38 SWITCH DOMINANCE Only compare values in this variable if both signs are multi-syllabic or can be either mono- or multi-
syllabic (variable 35 = ‘M’ or ‘E’); if pairs differ in this variable, then ignore variable 36

39 SWITCH ORIENTATION Only compare values in this variable if both signs are multi-syllabic or can be either mono- or multi-
syllabic (variable 35 = ‘M’ or ‘E’); if pairs differ in this variable, then ignore variable 36

40 RETURN (UNI/BI-DIRECTIONAL) Only compare values in this variable if both signs are multi-syllabic or can be either mono- or multi-
syllabic; and don’t compare values if one or both is not relevant (‘N’) or a null value (‘0’)

41 SECONDARY / TRILLED
MOVEMENT

Only compare values in this variable if neither one of the values = ‘0’ (to prevent counting the information
in variables 30 and 32 twice)

Table 3: Conditionalities in SL CatForm (first column is the variable number)

pairs were discovered in various ways: by chance,
during the process of coding, and later by intention-
ally looking for minimal pairs with custom searches
through the database once it was fully coded. This
list serves as a ‘ground truth’ target for testing the
entire pipeline, from phonological coding to trans-
formation into SL CatForm to the mechanics of the
CatFormCompare tool.

The dataset of 1,880 KSL signs was first trans-
formed into SL CatForm characters by the first au-
thor, inside the KSL Lexical Database. It was then
exported as a csv file and run through the CatForm-
Compare tool, which compares the strings in over
3.5 million pairs to run the calculation. Examples of
correctly matched minimal pairs in the dataset are
listed in Table 4 and shown in Figures 6 to 9; these
include minimal pairs for absolute palm orientation
(gossip vs. mother-2; Figure 6); for whole hand-
shape on the dominant hand (Mbita vs. mother-2
in Figure 7); for specific location (oil-1 vs. science

in Figure 8); and for return (paint vs. upper in
Figure 9).

The output in Table 4 shows how phonological
distance can be computed from this data in dif-
ferent ways. Using a categorical measurement by
variable, each pair differs by 1 (COUNTS: DIFF)
meaning they have a phonological distance of 1.
Yet, they also have different features in common
(COUNTS: SAM); e.g. gossip and mother-2 have
17 variables that share the same value, while paint
and upper have 19 variables with the same value.10

By applying the conditionalities, we get a total num-
ber of relevant features for each pair, and this can
function as another way to measure phonological
distance, either by degree of difference or similarity.
For example, gossip and mother-2 have a differ-
ence score of 0.056 (1/18) and a similarity score of
0.944 (17/18), while paint and upper have a differ-

10The VARIABLES column lists which variables con-
tain the different or same values for each pair.
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COUNTS VARIABLES

id gloss1 gloss2 DIFF SAM DIFF SAM

1071019 GOSSIP MOTHER-2 1 17 20 1 6 7 21 23 26 27 28 30 31 33 35 36 37 38 39 40

1384822 MBITA MOTHER-2 1 17 7 1 6 20 21 23 26 27 28 30 31 33 35 36 37 38 39 40

1509121 OIL-1 SCIENCE-1 1 18 23 1 6 7 20 21 25 26 27 28 30 31 33 35 36 37 38 39 40

1542671 PAINT UPPER 1 19 40 1 6 7 20 21 23 25 26 27 28 30 31 33 35 36 37 38 39 41

Table 4: Examples of four minimal pairs from the CatFormCompare tool output

Parameter Ground
Truth
Pairs

Matched
Pairs

% pairs
found

Missed
pairs

% pairs
missed

Handedness 6 3 50% 3 50%

Handshape 149 50 34% 99 66%

Location 186 20 11% 166 89%

Movement 79 11 14% 68 86%

Orientation 16 9 56% 7 44%

Non-manuals 5 1 20% 4 80%

Other 5 2 40% 3 60%

Unsure 3 0 0% 3 100%

All 449 96 21% 353 79%

Table 5: CatFormCompare tool matches compared
to ’ground truth’ pairs, grouped by phonological
parameter

ence score of 0.050 (1/20) and a similarity score of
0.950 (19/20). It remains to be seen which of these
calculations are most useful, and in what types of
research applications.

The results of the minimal pair search using our
pipeline finds that only 96 of 449 minimal pairs, or
21%, were listed as differing by 1 variable in the out-
put. Table 5 shows the matches and mismatches
by phonological parameter. The worst performing
parameter was location. On first impression, this
seems like a rather poor result. However, each of
the successful matches is possible only if all the
variables in both pairs are exactly the same except
one value in the string. This is also the first study
of its kind so there is no baseline for what might
be expected. Subsequent (and on-going) investi-
gation shows that each step—from phonological
coding to transformation into SL CatForm to the
mechanics of the CatFormCompare tool—all re-
veal actionable places for improvement. However,
due to the breadth of issues and the level of detail,
the full results are beyond the scope of this paper.
Therefore, we report here only on data from one
domain: the 353 missed minimal pairs that were
expected but not found.

6. Results

A detailed analysis of a quarter of these missed
minimal pairs, 87 pairs, was performed by the first
author, showing that in all cases except one, the
expected value of contrast in the pair was selected
as a difference.11 This means the pipeline did find
the expected minimal value; yet, for these signs, it
finds too many differences, leading to the question:
how far off is it? That is, how many differences be-
yond one were in the output? The results show that
around a third of the missed pairs, 33%, differed
by only two instead of one difference, 23% had
three differences, 21% had 4 differences, 16% had
five differences, and 4% had six differences. Thus,
around half of the pairs might be matched correctly
as having the single expected difference if only one
or two variables or values were corrected. Yet, a
few pairs show a very high number of mismatched
variables/values, so more work is needed.

When the specific phonological features respon-
sible for the incorrect differences were tracked,
two culprits were overwhelmingly most responsible.
Absolute palm orientation (variable 20) and abso-
lute finger orientation (variable 21) were incorrectly
counted as differences in half of 87 pairs (43 and
44 pairs, respectively). This was followed by path
axis 1 (variable 28) in 26 pairs, handshape (vari-
able 7) in 19 pairs, number of syllables in 13 pairs,
and handedness (variable 1) and lateral symme-
try (variable 25) each had 10 pairs. Fifteen other
variables were problematic in seven or fewer pairs.

In the case of the two orientation variables, the
problem appears to lie within the nature of the
phonological parameter itself and how it is rep-
resented rather than the CatFormCompare tool.
For analytical reasons, discussed in Morgan (2022,
408–413), absolute orientation was used in SL Cat-
Form instead of relative orientation. However, the
current output of the pipeline shows this is not work-
ing for some reason. While this requires more re-
search to solve, it already demonstrates the useful
feedback function of having the pipeline.

11The one that was missed pointed to a modification
needed in the CatFormCompare tool, since implemented.
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(a) gossip with palm orientation contra (b) mother-2 with palm orientation towards body

Figure 6: Minimal pairs that differ in palm orientation (variable 20)

(a) Mbita (town in Kenya) with claw handshape (b) mother-2 with flat handshape

Figure 7: Minimal pairs that differ in whole handshape on dominant hand (variable 7)

7. Discussion and Next Steps

The CatFormCompare tool and pipeline continue
to be assessed through evaluations with the main
test set of minimal pairs, as well as a second set
of diagnostic sign pairs that has gradually accu-
mulated while testing the pipeline. Tracking down
mismatches in the output at a fine-grained level
is painstaking work, but when the tool is correctly
tuned and functioning, as shown by the success-
ful matches, the benefits and applications should
be substantial. With a measure of phonological
distance grounded in linguistic data, further re-
search advancements are possible, such as ex-
ploring phonological neighbourhoods, studying per-
ception of phonological similarity with more preci-
sion, and better controlling stimuli in experimental
settings.

Cross-linguistic analyses are also possible, and
this brings up an obvious question about the SL
CatForm coding schema and the CatFormCompare
tool: how can it be used with other sign languages?
First, it is important to state that SL CatForm is one
of many ways of representing units of form, and its
coding categories and values largely overlap with
many other notation systems. We are not advocat-
ing here for the use of a new coding system. Our
aim is more fundamental. If this pipeline works, it
will show what needs to be encoded in any notation

system in order to find minimal pairs—and/or it will
highlight places where sign language linguists must
do more descriptive and theoretical work.

That said, the coding schema and tool are modi-
fiable based on one’s own language data. Values
can be added to the SL CatForm variables and the
CatFormCompare tool can be be updated to reflect
these new values, as well as new variables, if nec-
essary. Two variables, 42 and 43, are kept open
for this purpose in case new feature types should
be added. In fact, recent evidence suggests that
path size is contrastive in KSL signs, and this would
require its own variable.

There are three basic approaches to using this
pipeline with different phonological coding. First,
all of the information required to replicate the pro-
cess is provided in references cited in this paper,
with the exception of detailed coding guidelines
for the SL CatForm schema. In lieu of such doc-
umentation at present, one is directed to Morgan
(2022) to understand the nature of the variables
and values in the schema. A second approach is
to transform existing coded data into SL CatForm.
For instance, Loy and Morgan (2026) demonstrate
how one well-known coding system, Hamburg No-
tation System (Hanke, 2004), can be transformed
into SL CatForm. Lastly, one could download the
CatFormCompare tool (see footnote 2) and modify
it to fit one’s own dataset.
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(a) oil-1
at mouth

(b) science
at upper torso

Figure 8: Minimal pairs that differ by location (variable 23)

(a) paint with bidirectional movement (b) upper with unidirectional movement

Figure 9: Minimal pairs that differ by return (uni-/bi-directional movement) (variable 40)

Looking forward, the next steps are toward mak-
ing improvements in the pipeline. First, we will
continue to diagnose the minimal pair mismatches
to discover exactly where the process breaks down,
such as in the high number of minimal pairs for
location being missed. This includes checking both
the expected minimal pairs that were not found, de-
scribed above, as well as signs that differed by one
difference in the output, but were not already in the
minimal pair dataset. Second, to catch problems
with the tool which have not yet been identified and
make sure it does not break with new updates, the
diagnostic set of test signs will be expanded from
the initial set. Third, the coding of the orientation
parameter will be reconsidered and new variables
tested in the pipeline.
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