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Abstract

Stemming is usually compared as if the treatment were identified by a program name. That
convention is adequate only when the program denotes a fixed mapping. A trainable or
adaptable stemmer exposes an additional experimental variable: the lexical policy that
determines which forms are permitted to share retrieval evidence. Once that policy is
compiled, its observable effect also depends on the ranker, the query population, the
optimisation criterion and the rank depth at which retrieval is measured. This monograph
develops the consequence of that observation: an adaptable stemmer should be reported as
a realised conflation policy, not merely as a software label.

The argument is built from nine constituent studies in the Radixor research programme
and from the earlier Egothor line on which Radixor is based. The technical object is a lexical
transformation system. A finite relation between surface forms and selected targets is
converted into patch commands; a trie selects a command from the input context; reduction
compiles the decision structure; and the selected command executes on the input itself.
The model is therefore trained from a lexicon without degenerating into closed-set lookup.
This distinction motivates a sequence of questions that the nine studies answer at different
layers: what compilation preserves, which induction choices change the learned object, how
lexical evidence shapes the command vocabulary, whether transformations transfer beyond
training forms, how competing conflation errors should be compared, what runtime cost
follows the compiled structure, whether an alternative reference policy can be learned,
how a standard model can be adapted and verified in both directions, and finally how the
realised policy interacts with retrieval.

Two contributions are independent of the Radixor implementation. First, conflation eval-
uation is formulated directly over pair relations, so reference memberships may overlap
rather than being forced into a partition. Second, multi-objective comparison is repre-
sented by recursive Pareto strata together with exact support intervals for an explicit
false-split/false-merge exchange rate. These constructions require only a reference relation
and the relation realised by each candidate system. They are therefore evaluation methods,
not instrumentation specific to one stemmer.

The system-specific results establish a narrower empirical record. The compiler seman-
tics separate signature-based canonicalisation, which preserves the declared observable,
from accepting-leaf contraction, which deliberately extends an already uniform command
decision to unseen continuations. Edit costs act as structural hyperparameters, although
many nominal settings collapse to exactly the same induced behaviour. A multilingual
family-holdout campaign shows that learned commands are applied successfully to forms
absent from the training surface set. A resource-consistency audit shows that lexical evi-
dence and learned command vocabulary are connected through support structure rather
than by a one-row/one-command correspondence. Runtime measurements associate cost
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more strongly with compiled structure than with the number of training rows in the mea-
sured census. A controlled German experiment shows that the same mechanism can realise
a different conflation objective when the training relation changes. A two-sided adaptation
workflow then adds both positive assignments and negative membership boundaries and
verifies the realised policy over a declared inventory.

The downstream English MIRACL study provides the final link but also the strongest
validity boundary. At a common BM25 setting, a task-adapted Radixor policy improves
all five recorded mean metrics over the standard Radixor policy and over PyStemmer in
that development experiment. The change is not a scalar increase in stemming strength:
the final index has fewer output terms and more term-document incidences. Separate
scorer experiments show that the preferred BM25 coordinates and objective can move with
the lexical representation. The result demonstrates that policy and ranker form a coupled
experimental condition; because policy selection and reporting use the same development
judgments, it does not establish out-of-sample superiority.

The monograph consequently distinguishes three kinds of claim. Formal properties are
proved for the specified model and compiler. Empirical properties are reported only for the
frozen populations in the constituent studies. Field-level conclusions are stated as testable
methodological proposals: same-resource ancestor and comparator studies, independent
lexical references, matched-budget adaptation comparisons and out-of-sample multilingual
retrieval remain the decisive external validation. The resulting research programme is
therefore not a claim that one stemmer settles the field; it is a framework for making
adaptable conflation systems scientifically identifiable, comparable and reproducible.

Keywords: stemming, conflation, lexical policy, patch commands, transformation learning,
trie reduction, compiler semantics, understemming, overstemming, Pareto stratification,
model adaptation, information retrieval, BM25, EGOTHOR, RADIXOR.

Vi



Preface

Why this book exists

The nine papers behind this volume were written as bounded experiments. That was useful
for scientific control but poor for showing the architecture of the research programme. A
reader of one paper sees a compiler theorem, a multilingual experiment, a resource audit
or a retrieval result. The common question only becomes visible when the studies are
placed in dependency order: what exactly is the object that a trainable stemmer learns, how can
that object be measured, and what changes when the object itself becomes a tunable component of
retrieval?

This book is a new synthesis around that question. It does not reproduce the papers
chapter by chapter, and the paper numbers do not define the reading order. The programme
is reconstructed from the technical dependencies among the studies. Compiler semantics,
induction sensitivity and lexical support structure establish the object. Generalisation,
relation-based evaluation, Pareto analysis and runtime characterise its behaviour. Policy-
transfer, two-sided adaptation and retrieval then show what becomes possible once the
object is treated as a policy rather than as an immutable language package.

A second reason is practical and more recent. The research line was reopened while
considering EGOTHOR v4 as a deterministic, configurable lexical layer for high-assurance,
highly regulated and security-sensitive information systems. Such a component must
be able to encode language- and domain-specific terminology, protected exceptions and
explicit policy versions while remaining reproducible under a frozen release. This is not an
alternative to semantic Al. Modern search systems increasingly combine lexical and vector
retrieval; Chapter 1 therefore begins by asking what role a controlled conflation policy can
play inside that hybrid architecture.

Central proposition. For an adaptable stemmer, the executable conflation function is
part of the experimental treatment. Reporting only the program name hides a variable
that can alter both intrinsic conflation behaviour and downstream retrieval. A repro-
ducible experiment therefore identifies the policy specification, its compiled realisation,
and—for retrieval—the ranker, objective, evaluation depth and selection/evaluation rela-
tionship.

vii
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Method and evidence are deliberately separated

The volume contains two kinds of contribution. Chapters 10 and 11 define methods
that do not depend on Radixor. Their inputs are reference memberships and predicted
memberships; another stemmer family can be inserted without changing the definitions. By
contrast, the results about patch induction, compiler reduction, runtime structure, resource
consistency, policy transfer and adaptation belong to the Egothor—Radixor lineage. The
book keeps those levels distinct because confusing them would convert a well-supported
system result into an unsupported field claim.

This distinction also governs the language used throughout. A theorem is not presented
as empirical evidence. A same-resource intrinsic result is not called external linguistic vali-
dation. A development-set retrieval gain is not called transfer. A production deployment is
evidence of technical continuity, not of comparative effectiveness. These boundaries are
part of the argument, not disclaimers added after it.

How the nine studies are used

Each constituent study supplies one link in the chain rather than one chapter of a serial
narrative. The formal compiler study defines what reduction preserves. The edit-cost
and resource-consistency studies show how choices made before compilation change the
learned command system. The held-out-family study tests whether the transformation
mechanism reaches beyond memorised surfaces. The Pareto study supplies a comparison
language for the two dominant conflation errors. The runtime study asks what the compiled
representation costs to execute. The German transfer study tests whether a different
reference relation changes the learned policy while the mechanism is held fixed. The
adaptation study turns that capability into a deployment workflow with positive and
negative constraints. The MIRACL study then asks whether a changed realised policy can
change the retrieval result attributed to the engine.

Appendix D is an evidence ledger for these sources. It records the research question,
principal result, DOI and the point in this monograph where each result is used. Chap-
ters cite the constituent study when they draw on its frozen experiment; synthesis-level
arguments that are new to this volume are identified as such.

Historical scope

The historical chapter has been written to avoid a common visual and conceptual error:
chronology is not genealogy. Dates establish priority of publication; mechanistic similarity
establishes neither descent nor influence. The revised figure therefore separates verified
dated milestones into methodological swimlanes and uses descent arrows only where a
continuation is documented. In particular, the Galambos/Egothor publication of 2001, the
later Stempel presence in Apache Lucene, the separate Stempelator /Morfologik line, and
the much later XSTEM publication are shown without forcing them into one ancestry tree.

viii
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How to read the volume

Part I defines the experimental object and places it historically. Part II follows the object from
lexical relation through induction, structural choices, resource support and compilation.
Part IIT develops the measurement language and then asks whether the realised policy
generalises, where it lies in the under/over-conflation plane, and what it costs to execute.
Part IV changes the policy deliberately and follows the consequence into retrieval. Part V
separates what the programme now establishes from what still requires external validation.

Readers interested primarily in methodology can begin with Chapters 1, 10, 11, 17
and 18. Readers interested in the executable mechanism should follow Chapters 5, 6, 9
and 15. Readers interested in information retrieval should read Chapter 16 together with
its explicit selection boundary rather than as a standalone leaderboard result.

Scope of the conclusion

The book does not claim that Radixor is universally the fastest or most accurate stemmer,
that lexical transformation dominates rule-based stemming, or that the reported English
retrieval improvement transfers to unseen queries. It claims something more precise and,
in my view, more durable: once conflation is adaptable, the realised policy becomes an
experimental variable that must be specified, measured and verified. The nine studies show
that this variable is structurally meaningful and operationally consequential in one lineage.
The next stage is to apply the same experimental discipline across lineages.

Leo Galambos
2026






Contents

Abstract

Preface

List of Figures

List of Tables

Notation and Conventions

I Conflation as a Policy

vii

xvii

xix

xxiii

1 Why Revisit Stemming? From Legacy Preprocessing to a Controlled Retrieval
Policy

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8

Why revisit stemming in the age of semantic retrieval? . .. ... ... ..
The hidden variable in stemming experiments . . . ... ..........
What must be true before policy can be treated as a variable . . ... ...
The Egothor-Radixor line as an experimental instrument . . . . . ... ..
Nine studies, one dependency chain . . . ... ... .............
Two levels of contribution . . . ... ... ... .. .. 0L
Boundaries that are part of theresult . . . . . ... ... ... ... ......
Readingorder . . . .. .. ... ... ... ... .. ... . .. .. . ...

2 Conflation Policy as the Treatment Variable

2.1
2.2
2.3
24
2.5
2.6
2.7

The retrieval object is an equivalence decision. . . . . ... ... ... ...
Stemming, lemmatisation and morphological analysis are not synonyms . .
A policy is a declared reference relation . . . .. ... ... ... ... ...
The error surfacehastwoaxes. . . . .. ... ... ... .. .. .....
Why overlapping groups matter . . . ... ... ... ... .. .......
Three registersof evidence . . . . .. ............. .. .......
Why policy, not algorithm name, is the unit of comparison . . ... .. ..

3 Lineages, Parallels, and Verified Chronology

3.1
3.2
3.3
34

What the diagram is allowed toclaim . . . ... ...............
The IR rule tradition . . ... .... .. ... ... ... .. ... ....
The documented Egothor-Stempel-Radixor line . . . . ... ... ... ..

Stempelator and Morfologik: a neighbouring line, not a predecessor

xi

O O 0 0 NI O O W W

11
11
12
12
12
13
14
15

17
17
17
18
18



Contents

IT

Xii

3.5 DParallel learned-transformation traditions . . . . . . . . . . .. ... .. ...
3.6 Chronology isnotanovelty verdict. . . . .. .... ... ... .. ...,
3.7 A mechanism matrix instead of a single family tree. . . . . . ... ... ...

From Egothor to Radixor: What Was Inherited and What Changed

41 The2001designdecision . . . .. ... ............ ... .. .. ...
4.2 Patch commands as the inherited instruction language . .. ... ... ...
4.3 The first study already treated configuration as a variable . . . . . . ... ..
44 Stempel as continuity evidence . . . ... ... ... Lo
45 WhatRadixorchanges . ... ... ... ... .. ... ... . .. ..
4.6 A historical line becomes an experimental platform . . ... ... ......

Learning and Compiling the Policy

The Executable Policy Object

51 Lexicalevidence . . . . . . . . . . . . . e e
5.2 Patch commands are programs, not stored answers . . . .. ... ... ...
5.3 The command-selection structure . . . . . . . .. ... ... ... .......
5.4 Selection and realised output are different functions . . . . . ... ... ...
5.5 Reduction mode is part of the model condition . . . . ... ... ... ....
56 Objectledger. . .. ... ... ... .. ... ... ..

From Lexical Pairs to Reusable Transformations

6.1 Constructionpipeline. . . . ... .. ... ... . L oo
6.2 Minimum-cost alignment . ... ... ... ... .. ... ... 000
6.3 Normalising an edit pathintoacommand . . . . . ... ............
6.4 Indexing commandsbycontext . . ... ... ... .. .. .. .. 0 L.
6.5 Determinismandroworder . . . ... ... ... ... .. . .o 0 L.
6.6 What induction guarantees—and whatitcannot . . . . . .. ... ... ....

When Alignment Parameters Become Model Structure

7.1 The experimental object . . ... ... ... ... .. ... .. ... .. ...
7.2  Exactbehavioural equivalence . ... ... . ... . ... . ... ... ...
7.3 Why a continuous-looking parameter space collapses . . . . ... ... ...
74 Sensitivity of quality inside the sampled grid . . . . ... ... ... .....
7.5 Structural slack is larger than quality sensitivity . . . . ... ... ... ...
7.6 Consequences for the rest of the programme . . . . ... ... ........

Resource Consistency as a Compiler Input

8.1 The row-to-command map is many-to-one . ... ...............
82 Auditprotocol . . . . ... L
8.3 Observed structural effect . . . . ... ... ... ... ... ... ... ...,
8.4 The informative cases are the non-linearones . . . . . ... ... .......
8.5 What the reduction means—and whatitdoesnotmean. . . . ... ... ...
8.6 Why this chapter precedes compiler semantics . . . ... ... ........

23
23
24
25
25
26
27

29

31
31
31
32
33
33
34

35
35
36
36
37
38
38

39
39
40
40
41
41
42



Contents

9 Two Compiler Operations, Two Semantic Contracts

9.1 Canonicalisation: quotienting without changing selection . . . . . . ... ..

9.2 Accepting-leaf contraction: generalising a decision . . . . .. ... ... ...

9.3 The generalised object is a command selection, not a stored stem . . . . . . .

9.4 Implementation verification accompanies the proof . . ... ... ... ...

9.5 What P7 contributes to the programme . .

III Measuring the Realised Policy

10 Evaluating Conflation as a Relation
10.1 Reference covers canoverlap ... .. ..
10.2 Predicted relation and pairwise counts . .
10.3 Metrics are views of the same finite counts

10.4 What the finite multilingual census shows about metric choice . . . . . . ..

10.5 Candidate-aware outputs change the relation, not merely the score . . . . .

10.6 Output policy must be declared . . . . . .
10.7 Comparison rules before statistics . . . .
10.8 Inference follows the experimental unit .
10.9 Why the scalar is postponed . . . . .. ..

11 Pareto Geometry of Conflation Errors

11.1 Dominance is the comparison that needs no exchangerate . . ... ... ..

11.2 The measured candidate set has four strata
11.3 Radixor shifts the within-reference frontier
11.4 Frontier position has different meanings .
11.5 Making the exchange rate explicit. . . . .
11.6 Candidate-set dependence is measured, no
11.7 Why an external floor is still needed . . .

thidden ... ...........

12 Generalisation Beyond Enumerated Lexical Families

12.1 Protocol: family-level holdout . . . . . ..
12.2 Three evaluation scopes . .. .. ... ..
12.3 Result: measurable within-resource transfe
12.4 What the study does not establish . . . . .
12.5 Why the result matters to the programme

13 Runtime Cost of the Compiled Policy
13.1 Measured execution envelope . . . . . ..
13.2 Direct Snowball comparison . . . . . . ..

Y

13.3 Training size and online structure are different quantities . . . . . . ... ..

13.4 Runtime is not a proxy for lexical quality
13.5 Why runtime closes the measurement part

49
49
51
51
52
53

55

57
57
58
58
58
59
60
60
60
61

63
63
63
64
65
66
66
67

69
69
70
70
71
71

73
73
73
74
75
75

xiii



Contents

IV Adapting the Policy to Retrieval

14 A Controlled Test of Policy Learnability
14.1 A nested policy contrast . . . ... ... ... .. .. ... L oo L
14.2 The architectureisheld fixed . ... ... .. ... ... ... ... .....
14.3 Result: small, directional policy response . . . .. ... ... ... ......
14.4 Why the result is different from ordinary tuning . . . . ... ... ... ...
14.5 From learned policy to deployable policy . . ... ... ... .........

15 From Policy Edits to a Verified Deployment
15.1 A standard model is a substrate, nota ceiling . . . . ... ... ... ... ..
15.2 Positive assignments are only half of the policy . . . . . . ... ... .. ...
15.3 The measured reason closure isnecessary . . . .. ... ... .........
15.4 Representation, learning and deployment fidelity . .. ... ... ... ...
15.5 Comparison with later configurable mechanisms . . . . . ... ... ... ..
15.6 The bridge toretrieval . . .. ... ... ... ... ... .. .. ... .. ..

16 Where Retrieval Quality Goes
16.1 Experimental setting . . . ... ... ... ... ... ... .. . o ..
16.2 Adaptation improves the standard model in the reported case . . . ... ..
16.3 The aggregate gain is concentrated on a minority of queries. . . . . . . . ..
16.4 Vocabulary reduction and query work do not explain the gain . . . . . ...
16.5 The representation change is not one-dimensional . . . .. .. ... ... ..
16.6 The ranker optimum is endogenous to the policy . . . . ... ... ... ...
16.7 The existing recall means locate where judged relevance moves . . .. . ..
16.8 The preferred fixed policy depends on the declared objective . . . . . . . ..
16.9 Different depths answer different product questions . . . . .. ... ... ..
16.10The decisive next retrieval experiment . . . . . .. ... .. ... .......

V  What the Programme Establishes

17 What the Nine Studies Establish Together
17.1 The programme as a chain of identifiability . . .. ... ... ... ... ...
17.2 Threelevelsofclaim . . .. ... ... ... .. .. ... .. ..........
17.3 The reusable methodological contribution . . . . . ... ... .... ... ..
17.4 A coupled view of lexical normalisation and ranking . . . . ... ... ...
17.5 What the programme does not yet establish . . . .. ... ... ... ... ..
17.6 The revised thesis statement . . . . . ... ... . ... .. .. ..... ...
17.7 What would promote the thesis from framework to field result . . . . . . ..

18 External Validation Programme
18.1 C4: turn the frameworkoutward . . .. . ... ... ... ... ........
18.2 C1: independent lexical evidence . . . . .. ... ................
18.3 C2: held-out multilingual retrieval . . . ... ... ... .. ... ... ....
18.4 C3: establish an absolute intrinsicfloor . . . . . . .. ... ... ... .....
18.5 C5 and Cé6: workload and inference. . . . . . .. .. ... ... ........
18.6 C7: fixed-testlearning curves . . . .. .. ... ... ... .. ... .. ...

Xiv

77

79
79
79
80
80
81

83
83
83
84
84
85
86

87
87
87
88
89
89
90
91
91
92
92

93

95
95
96
96
97
97
98
98



Contents

18.7 How the nine studies should becounted . . . . . ... ... ... ....... 101
18.8 Prioritised programme . . . . . ... ... L Lo L 102
18.9 The programmeisopenbydesign . ... ... ... ... ... ....... 102
19 Conclusions 103
19.1 A policy canbe made explicit . . . . ... ... ... ... .. . 0 L 103
19.2 A policy can be learned into an executable object . . . . . ... .. ... ... 103
19.3 A learned policy can be changed and checked . . . . . .. ... ... .. ... 104
19.4 A verified policy can change retrieval . . . ... ... ... ... ....... 104
19.5 What is transferable beyond Radixor . . . . ... ..... ... .. ...... 104
19.6 What remains to earn a field-level empirical claim . . . ... ... ... ... 105
19.7 Final statement . . . . . . . . . . . . . . e 105
VI Appendices 107
A Notation, with Cross-References 109
B Metric Definitions and Applicability 111
B.1 Confusion-derived metrics . . . . . . . . . . . . . ... 111
B.2 Applicability by outputpolicy . . . . .. .. ... .. o 0L 112
B.3 Metrics deliberately not computed . . . ... ... .. ... ... . ... 113
B.4 Aggregationrules . . . .. ... L L L 113
C Protocol Identities and Reproducibility 115
C.1 Provenancediscipline . ... ..... ... .. ... . ... . ... ... 115
C.2 Declaredseeds . . . . . . . . . e e 115
C.3 Generalisation campaignscale. . . . .. ........ .. ... .. ..., 115
C.4 Reproductionentrypoints . . . ... ... ... .. ... L oL 116
C.5 Edit-costcampaign . . .. ... ... ... ... 116
C.6 Qualitycampaign . . . ... ... ... 117
C.7 Where the material lives . . . . . . . . . . .. . ... . .. ... ... ... 117
D Evidence Ledger: The Nine Constituent Studies 119
How the studiescombine . . . . . .. ... .. ... ... ... ... ... 122
Bibliography 123

XV






List of Figures

1.1
1.2

2.1

3.1

4.1

51

6.1

7.1

8.1
8.2

9.1
9.2

10.1

11.1

12.1

13.1

14.1

15.1

16.1

Construction, adaptation and verification . . . ... ... ... ... ..... 7
Logical spine of the nine constituent studies . . . . . ... ... ... .. ... 8
The two-axis conflation error surface . . . . ... .. ... .......... 13
Verified chronology of relevant stemming and transformation lines . . . . . 21
Patch execution with a preserved interior . . . ... ... ... ........ 24
Patch-command trie indexed by reversed form . . . ... ... ... ... .. 33
Alignment path to reusablecommand . . . ... ... ... ... .. .. ... 37
Nominal parameter space versus induced behaviour . ... ......... 40
Ordered audit evidencepath . . .. ... ....... ... ... ...... 44
Command vocabulary retained after resource audit . . . ... ... ... .. 46
Semantic subtree canonicalisation. . . . . ... ... ... . 000 51
Accepting-leaf contraction extends a command decision. . . . ... ... .. 52
Overlapping lexical groups induce a pair relation . . . ... ... ... ... 57
Recursive Pareto strata in the two-errorplane . . . . . .. ... ... ... .. 64
Construction of the primary generalisation population . . . ... ... ... 70
Observed Radixor executionenvelope . . . . ... ............... 73
Controlled policy-transferdesign . . . . . ... ................. 80
Two-sided policy adaptation . . . . ... ....... ... ... .. ... ... 84
Index statistics exclude a scalar “stemming strength” ordering . . . . . . .. 90

Xvii






List of Tables

1.1
1.2
1.3

21

3.1

4.1
4.2

51

7.1
7.2

8.1
8.2

9.1

10.1
10.2

11.1
11.2
11.3

12.1

13.1

15.1

16.1
16.2
16.3
16.4
16.5

Operational motivation for a configurable lexical layer . ... ... ... .. 5
The nine constituentstudies . . . . .. ... ... .. ... . . 0 L. 10
Contributionlevels . . .. ... .. ... .. ... . o o 10
Three registersof evidence . . . . . ... ... ... .. ... .. ... 14
Mechanism comparison across relevantlines . . .. ... ... ... ..... 20
Patch command primitives . . . ... ... ... ....... .. ....... 24
Continuity and extension from Egothor to Radixor . . . . ... ... ... .. 26
Objects used throughout the monograph . . ... ............... 34
Scale of the edit-cost campaign . . . ... ... ... ... .. ... .. ... 39
What the edit-cost study establishes . . . ... ... ... ... ... .. ... 41
Resource-consistency audit outcomes . . . . ... ... . oL 45
Mechanistic cases from the P6 resourceaudit . . . ... ... ... ...... 45
Formal compiler results and their interpretation . . . ... ... ... .. .. 53
Relation-level metrics . . . . . . . ... ... L o o 59
Metric choice changes the observed best comparatorset . . . . ... ... .. 59
Nearest-comparator dominance margins . . . . . . .. ... .. ........ 64
Interpretive regimes on the Pareto frontier . . . . . ... ... ... ...... 65
German stratum-2 pair-cost support . . . . ... ... L oL 65
Generalisation evaluationscopes . . . . ... ... ............... 70
Runtime campaign summary . . ... ... .. ... .............. 74
Native transformation and deployment distinctions . . . . . ... ... ... 85
Reported development-set retrieval changes . . . . ... ... ... ... .. 88
Final full-corpus MIRACL developmentmeans . . . . .. ... ........ 88
Paired query diagnostics for sealed Radixor vs PyStemmer . . . . . ... .. 89
Vocabulary and deterministic query-workcensus . . . . . .. ... ... ... 89
Depth-band decomposition of reported recallmeans . . . . . . ... ... .. 91

Xix



List of Tables

XX

17.1 Three levels of contribution . . . . ... ... ... ... .. .. ... ... 96
18.1 Roles of external comparators . . . . ... ...... ... ... ... ... 100
18.2 Prioritised external-validation programme . . .. ... ... ... ... ... 102
B.2 Metric applicability by output policy . . . . .. ... ... ... .. ... ... 112
C.1 Generalisation campaign artefacts . . . . ... ... ... ... .. ...... 116



List of Algorithms

5.1 Exec(c,w) —execute a patchcommand . ..................... 32
5.2 H(w) - runtime lookup and command execution . .. ............. 34
6.1 BUILD(L, 7, ) —induce and compileamodel . ... ... ........... 35
6.2 ALIGN(w,r,7) — minimum-cost edit sequence . . . ... ... ... 36
6.3 INSERT(T, %, c) —add command evidence . . . ... ... ... ... ..... 37
9.1 CANONICALISE(T, ) —share equal semantic subtries . . ... .. ... ... 50
9.2 CONTRACT(T) —replace uniform represented regions . . . . . ... ... .. 52
11.1 STRATIFY(S) — dominance depth and linear-cost support . . . . . .. ... .. 66
12.1 Family-holdout evaluationusedbyP1. . . ... ... ....... .. ... .. 69
15.1 Two-sided adaptation with observed-vocabulary verification . .. ... ... 84

xxi






Notation and Conventions

The table below fixes the symbols used throughout. Appendix A repeats it with cross-
references to the definitions in which each symbol is introduced.

Symbol Meaning

z finite alphabet of the language resource

xF set of finite strings over X

w,u,v surface forms (word types), elements of ©*

7 the reversal of w; suffix-oriented models are indexed on o

L the lexical training relation, a set of (form, root) pairs grouped into rows
r(w) the root recorded for w in £

G(w) the set of gold groups of which w is a member

C the learned patch-command vocabulary

c a single patch command, a sequence of edit operations

107 the edit-cost vector (7ins, Ydel, Vrep - - - )

T the patch-command trie

N(T) node set of 7; |NV(7)] is the internal node count

F(T) accepting leaves of T

sig(n) the computable reduction signature of node n

val(n) the value (selected command) of a locally uniform region rooted at n
dom(n) the set of continuations reaching n

C(w) the command-selection function; returns ¢ € C

Exec(c, w) execution of command ¢ on form w

H(w) the realised stemming function, H(w) = Exec(C(w), w)

s a lexical policy: the pair (training relation, adaptation set) realised by a model
TP,FP,FN,TN pairwise confusion counts over the gold pair relation

Ul understemming index, FN /(TP + FN)

Ol overstemming index, FP/ (TN + FP)

BA balanced accuracy, % (recall + specificity)

C‘o raw pair cost, C‘o =pFN+FP

1Y the caller’s exchange rate between false splits and false merges
nDCG@k normalised discounted cumulative gain at rank k

R@k recall at rank k

AP@k average precision to depth k

Conventions. Counts are reported as integers taken from the frozen campaign artefacts;
percentages are derived quantities and are shown to the precision at which they were
published. A dash or the marker n/a denotes an undefined denominator and never the
value zero. Language names refer to the specific model identity used, not to the language in
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Notation and Conventions

general: default Polish means the pl-pl-unimorph model and does not include results obtained
with pl-pl-polimorf. Where a reduction mode affects a claim, the mode is named. The word
stem denotes the realised output of H, which is not required to be a well-formed word of
the language; the word root denotes the canonical form recorded in the lexical resource.
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Conflation as a Policy






Chapter 1

Why Revisit Stemming? From Legacy Pre-
processing to a Controlled Retrieval Policy

1.1  Why revisit stemming in the age of semantic retrieval?

A practical systems problem reopened this research line. The design target for EGOTHOR
v4 is a lexical analysis layer for environments in which the same input under the same
released policy version must produce the same output, where changes to that policy must
be reviewable, and where language- and domain-specific behaviour must be introduced
without replacing the execution engine. The motivating deployment class includes highly
regulated, security-sensitive and high-assurance information systems, but the requirements
are more general: deterministic replay, explicit versioning, bounded configuration, local
execution, and the ability to protect or introduce terminology deliberately.

That target does not imply that modern search should return to a purely lexical archi-
tecture. Contemporary production search systems increasingly make the opposite point.
Azure Al Search defines hybrid search as full-text and vector queries executed together
and fused into one result set; Elasticsearch exposes hybrid full-text/vector retrieval as a
tirst-class workflow; and OpenSearch likewise combines keyword and semantic queries
in one search pipeline (Elastic, 2026; Microsoft, 2026; OpenSearch Project, 2026). Azure’s
own architecture guidance is especially relevant to the present problem: exact identifiers,
product codes, specialised terminology, dates and names are among the cases in which
lexical matching retains an advantage even when semantic retrieval is available (Microsoft,
2026).

The modern question is therefore not whether semantic search has made lexical analysis
obsolete. It is how a controlled lexical channel should coexist with semantic retrieval. A
hybrid system can use lexical evidence for exact and morphologically normalised matching,
a vector channel for conceptual and paraphrastic similarity, and a fusion or reranking stage
to combine the two. The lexical component remains consequential because it controls an
inverted index, term statistics, filters and exact matches that the semantic component does
not simply subsume. Chapter 16 provides one concrete instance of the coupling: changing
the realised conflation policy changes the term space seen by BM25 and can move the
ranker’s preferred operating point.
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1.1.1 A different optimisation target in high-assurance systems

In an ordinary consumer application, a small relevance gain can justify an opaque model
update if the operational risk is low. The optimisation target is different when a system has
to support formal change control, forensic review, restricted data movement or repeatable
acceptance testing. NIST’s Al Risk Management Framework does not prescribe stemming,
and it does not state that a component must be deterministic. It does, however, identify
validity and reliability, security and resilience, accountability, transparency, explainability
and documentation as trustworthiness concerns; the accompanying Playbook recommends
instrumentation, histories and audit records that allow operators to review sources of error
and vulnerability (National Institute of Standards and Technology, 2023; Tabassi, 2023). A
deterministic lexical analyser is one engineering means of reducing the verification surface
for one part of a larger retrieval system.

The distinction matters. Determinism is not compliance, and a deterministic component
can still implement a bad policy. Its advantage is narrower: given a frozen implementation,
policy package and input, behaviour can be replayed exactly. A policy change can be diffed
at the lexical-relation level, compiled again, and subjected to the same acceptance tests. That
makes it possible to place the lexical layer under conventional software and configuration
management even when later stages use statistical or generative models.

Interpretation boundary. A deterministic stemmer is not a substitute for governance of the
complete search or Al system. The claim is architectural: isolating a reproducible and
inspectable lexical channel can make one consequential part of a hybrid retrieval pipeline
easier to validate, version and audit.

1.1.2 Configuration is the reason to learn a policy rather than ship one

A fixed language stemmer answers one question: which conflations did its author choose
for a generic language? The EGOTHOR v4 design problem is broader. A single execution
engine should be able to carry different policy packages for languages, organisational
terminology, specialist vocabularies, slang and controlled exceptions. In one deployment
an abbreviation may have to remain isolated; in another it may be required to join a domain
expression. A security product may need to protect identifiers and command names
from an otherwise productive suffix rule. A legal or medical corpus may need explicit
terminological equivalences that are irrelevant to general-language search.

This requirement changes the meaning of “stemming”. The useful object is no longer a
language-wide suffix heuristic but a versioned conflation policy. A compact operational
description of such a deployment can be written as

1= (L D,E",E,6,0),

where L is the base lexical resource, D the domain extension, E™ required memberships, E~
protected separations, 6 the frozen construction/compiler configuration, and v the policy
version. The runtime contract is then a deterministic function hj(w) for a token w. The
notation is introduced here as a systems abstraction rather than a new formal claim: the
individual elements are developed by the constituent studies.

In particular, P4 shows that the mechanism can move toward an alternative reference
relation while the engine is fixed; P7 defines the compiler semantics needed to reason about
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the realised executable object; and P9 shows why positive edits alone are insufficient and
adds negative class boundaries plus closure verification. These results make language and
domain customisation a property that can be tested rather than an informal promise that “a

dictionary can be edited”.

Table 1.1: Why a controlled lexical transformation layer remains useful in a modern hybrid
retrieval system. These are design goals and verification advantages, not a claim that
stemming by itself satisfies regulatory requirements.

Requirement Operational reason Consequence for the lexical layer

Deterministic Acceptance tests and incident Freeze engine, compiler

replay reconstruction should reproduce the configuration and policy version
same lexical decisions

Language/domain  General-language morphology is not  Treat lexical policy as deployable

packages identical to organisational jargon, data rather than hard-coded engine
slang or specialist terminology behaviour

Protected Identifiers, names, abbreviations or ~ Support explicit negative boundaries

exceptions regulated terms may be damaged by in addition to positive assignments
otherwise productive conflation

Auditable change Reviewers need to know what Compare realised relations

Local operation

Hybrid coexistence

changed and which observed forms
are affected

Some security domains restrict
external inference services or data
movement

Semantic retrieval improves
conceptual recall while exact lexical
evidence remains valuable

before/after compilation and verify
closure over a declared inventory
Keep the lexical stage executable
without a mandatory remote model
dependency

Preserve a separately measurable
lexical channel for fusion or
reranking

1.1.3 Why not replace this layer with contextual language understanding?

Contextual lemmatisation and neural semantic retrieval can solve problems that a context-
free stemmer cannot. That is not an argument against them; it is a reason to keep task
contracts separate. A contextual model consumes a larger information budget, introduces a
model version and inference environment into the decision path, and may be unnecessary
when the required operation is simply “apply the same declared lexical relation at indexing
and query time”. A small deterministic analyser is attractive precisely when the narrower
contract is sufficient.

The complementary architecture is therefore asymmetric. The lexical channel should be
deliberately boring at runtime: fast, deterministic, inspectable and stable under a frozen
policy. Adaptation belongs in an explicit construction and verification process. The semantic
channel is free to solve the harder problem of conceptual similarity. Hybrid retrieval then
combines signals rather than forcing one representation to serve every purpose.

The motivation for revisiting stemming is not nostalgia for suffix stripping. It is the
need for a controlled lexical equivalence layer: one that can be configured for language and
domain, can express exceptions, can be rebuilt and verified deterministically, and can
coexist with vector and generative Al rather than pretending to replace them.
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1.2 The hidden variable in stemming experiments

The question “does stemming help retrieval?” has never had one stable answer. English
experiments have reported small or collection-dependent changes (Harman, 1991; Hull,
1996); dictionary-constrained stemming has shown benefits under different conditions
(Krovetz, 1993); and multilingual work has repeatedly found that morphology, collection
and query formulation matter (Braschler and Ripplinger, 2004; Kettunen and Airio, 2006).
Those results need not be contradictory. They are estimates of interventions that differ in
language, corpus, query set, retrieval model and evaluation measure.

This monograph isolates another source of variation that becomes unavoidable once
the stemmer itself is trainable or adaptable. A software package can realise more than
one relation over word forms. Changing that relation changes which postings are pooled,
which term frequencies accumulate and which document frequencies enter the ranker. In
such a system, the program name is an architecture label; it is not a complete description of
the experimental treatment.

The distinction is easiest to state in three layers. A policy specification says which lexical
identities or exclusions are intended. A compiled realisation is the executable function
produced from that specification and from the compiler’s generalisation rules. A retrieval
condition places the realised function inside an index and a ranker. The first two can differ
while the software name remains unchanged; the third can move even when the lexical
function is held fixed.

Reproducibility proposition. For an adaptable conflation mechanism, reporting the
program name is insufficient. Intrinsic evaluation should identify the policy specification
and the realised conflation function. Retrieval evaluation should additionally identify
the ranker, its parameters, the optimisation objective, evaluation depth and whether
policy/ranker selection is separated from final reporting.

This proposition is methodological. The nine studies behind the book provide one
detailed empirical and formal test bed for it; they do not, by themselves, show how large
the same effect is for every stemmer family.

1.3 What must be true before policy can be treated as a variable

Calling a stemming configuration a policy is useful only if the term carries technical content.
Four conditions are needed.

The realised object must be defined. A learned representation can share states, choose
among competing outputs and terminate before all input characters are consumed. It is
therefore not enough to point at a training lexicon. The executable mapping has to be
derived from an explicit selection and execution semantics. The formal framework in
Chapter 5 and the compiler analysis in Chapter 9 provide that semantics.

The object must be distinguishable from its training data. A system that only memo-
rises observed input-output rows is a compressed dictionary, not a learned transformation
mechanism. The held-out-family experiment of P1 (Galambos, 2026a) tests this distinction
directly: after excluding training-surface overlap, the compiled commands still transform
previously unseen forms with substantial exact-target agreement.
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The policy must be capable of changing while the engine remains fixed. P4 (Galambos,
2026d) supplies the controlled evidence. Two German reference relations encode different
conflation objectives; holding the mechanism fixed while changing the relation causes the
learned system to move in the direction of the changed policy. The effect is small and
one-dimensional, but it establishes the relevant capability without appealing to retrieval.

The changed policy must be auditable after compilation. P9 (Galambos, 2026i) sep-
arates representational capability, learning capability and deployment fidelity. Positive
assignments alone do not certify the realised classes: in the shared English case, the positive-
only model admits 11,291 unintended surfaces to protected outputs. Negative membership
boundaries and an observed-vocabulary closure check are therefore part of the experimental
definition, not implementation decoration.

These four conditions turn “policy” from a metaphor into an object that can be manipu-
lated and reported.

1.4 The Egothor—Radixor line as an experimental instrument

The system used to study those conditions descends from the Egothor work published in
2001 (Galambos, 2001). Its central move is to learn transformations rather than to store only
target strings. A lexical relation supplies surface/target pairs. Alignment converts a pair
into a patch command. Context indexes commands in a trie. Compilation reduces the trie.
At runtime, the input selects a command and the command executes on that input.

That last step is the reason the model is lexicon-trained without being lexicon-bound.
The compiled structure chooses an operation; it does not merely retrieve a stored answer.
Chapter 12 measures the consequence, and Chapter 9 shows where compilation itself can
extend a command decision beyond the exact observed continuation.

Figure 1.1 distinguishes initial model construction from later policy adaptation. Initial
construction induces transformations from the lexical relation and compiles them into the
standard model. Adaptation starts from that compiled model: policy statements are added,
the modified structure is recompiled, and only then is the realised policy verified over a

model construction

declared inventory before deployment.
Lexical relation Induce commands Standard model
surface — target alignment under 1y T,C
Policy extension Recompile Verify realisation Deploy
-+ assignments, — boundaries same engine closure over inventory analyse, index, retrieve

adaptation and deployment

Compile
trie + reduction

Figure 1.1: Two distinct workflows share the same compilation engine. Initial construction
learns a standard model from a lexical relation. Adaptation reopens that model, adds
positive and negative policy statements, recompiles, verifies the realised classes over the
declared inventory and only then deploys the model. Verification is a post-compilation
acceptance test rather than part of lexical induction.
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1.5 Nine studies, one dependency chain

The research papers were numbered by release order, not by logical dependency. Reading
them as P1 through P9 therefore hides the programme’s structure. A more informative
order begins with the executable object, moves through measurement, and ends in retrieval.

1. P7 (Galambos, 2026g) asks what trie compilation preserves and where it generalises.
This supplies the semantics of the executable object.

2. P2 (Galambos, 2026b) shows that alignment costs are structural hyperparameters and
that many nominal settings nevertheless induce exactly the same command sequence.

3. P6 (Galambos, 2026f) shows how lexical-resource consistency propagates through
command support rather than through a one-row /one-command mapping.

4. P1 (Galambos, 2026a) tests whether the induced transformations reach forms that did
not participate in training.

5. P3 (Galambos, 2026¢) supplies the pairwise error space, Pareto strata and cost-support
analysis needed to compare realised relations without hiding a false-split/false-merge
exchange rate.

6. P5 (Galambos, 2026e) asks what the compiled object costs at runtime and relates
timing more closely to representation structure than to raw training row count in the
measured census.

7. P4 (Galambos, 2026d) changes the reference policy while holding the mechanism fixed
and observes a policy-aligned change in output relation.

8. P9 (Galambos, 2026i) turns policy change into a two-sided deployment operation and
introduces verification of protected classes.

9. P8 (Galambos, 2026h) places the adapted policy in a full retrieval pipeline and measures
the interaction with BM25, objective choice and rank depth.

Figure 1.2 renders that dependency chain. It is intentionally not a chronology: its arrows
mean “this question becomes interpretable after that one”, not “this paper was published
later”.

) Controllable polic:
Executable policy object Observable behaviour . pA y
o . . — alternative objec-
semantics, induction, support transfer, errors, runtime . i R
tive, verified edits

Figure 1.2: The nine constituent studies organised by evidential dependency rather than pub-
lication number. The programme first makes the executable policy precise, then characterises
its behaviour, then changes and verifies it, and finally measures its retrieval consequence.

Retrieval consequence
policy X ranker X objective

Table 1.2 keeps the compact paper-to-chapter index for readers who approach the
volume from an individual manuscript.

1.6 Two levels of contribution

A framework can be general in definition while its measured effect remains local. The
monograph therefore uses the distinction in Table 1.3 whenever a result is promoted from a
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study to an argument about methodology.

The distinction is especially important for Chapters 10 and 11. Their definitions are
portable by construction. The fact that they were motivated and exercised on Radixor does
not make the measured Pareto positions or effect sizes portable.

1.7 Boundaries that are part of the result

Several statements would make the narrative simpler but the evidence does not support
them.

¢ The intrinsic campaigns are not independent linguistic validation when the resource
being scored also supplies training evidence. They measure same-resource agreement
under controlled withholding or transformation.

¢ The runtime campaign does not prove universal speed superiority. It measures a
specific reference-changing workload and a limited comparator set.

¢ The German policy-transfer result is evidence that policy is learnable in one controlled
nested contrast; its approximately sparse switching effect is not a general effect size
for adaptation.

¢ The English MIRACL result is development-set feasibility. The same judgements
participate in policy selection and final scoring, so the reported gains are not an
unbiased estimate on unseen queries.

¢ Accepting-leaf contraction has a formal command-selection semantics. A proof that
it extends a uniform decision does not prove that every newly covered form is
linguistically correct.

These are not concessions placed at the end of the argument. They determine which
conclusions can be transported from one study to the next. Part V turns them into an
experimental agenda rather than allowing them to remain generic “future work”.

1.8 Reading order

Part I treats conflation as an experimental policy and then reconstructs the historical lineages
needed to locate the mechanism. Part II follows the policy from formal object through
induction, edit-cost choice, lexical support and compilation. Part III introduces system-
independent measurement before reporting Pareto structure, held-out-family transfer
and runtime. Part IV asks whether the policy can be changed deliberately, verified, and
coupled to a retrieval objective. Part V assembles the chain of claims and states the external
validation that would move the argument from one technical lineage to the field as a whole.

The order is intentionally different from the paper numbers. The book is not an anthol-
ogy. It is an argument reconstructed from nine experiments whose scientific value is clearer
when their dependencies are made explicit.
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Table 1.2: Constituent studies and their principal role in this synthesis. Full titles, DOIs and

evidence boundaries are recorded in Appendix D.

Study Question Role in the programme Ch.

P1 Do learned transformations act on Controlled within-resource family 12
genuinely unseen forms? holdout

P2 Do edit costs alter the learned model? Structural hyperparameter sensitivity 7

and exact behavioural collapse

P3 How should false splits and false Pairwise relation evaluation, Pareto 11
merges be compared? strata and support intervals

P4 Can one engine learn a different Controlled policy-transfer evidence 14
conflation objective?

P5 What determines online execution cost? Compiled-structure/runtime 13

characterisation

P6 How does lexical consistency affect Support-aware resource audit 8
learned complexity?

p7 What does the compiler preserve or Formal compiler semantics 9
generalise?

P8 Can a changed policy change the Full-corpus MIRACL case and 16
retrieval result? ranker/policy interaction

P9 Can policy edits be installed and Two-sided adaptation and closure 15
verified in both directions? checking
Table 1.3: What is established at the methodological and system-specific levels.

Level Established here External test still required

System-independent method

Egothor-Radixor evidence

Pair-relation evaluation with
overlapping gold memberships;

recursive Pareto strata; exact tasks.
linear-cost support intervals;
reporting fields for adaptable

policies.

support structure;

family-holdout transfer;

Patch-command semantics;
induction sensitivity; resource

runtime; policy transfer; appropriate inferential
two-sided adaptation; one replication.
English development-set

retrieval case.

Application across independent
stemmer families, resources and

Matched ancestor/comparator
campaigns, independent lexical
references, unseen-query
multilingual retrieval and

10



Chapter 2

Conflation Policy as the Treatment Variable

Stemming is often described operationally-remove an ending, look up a form, apply a
learned rewrite-when the retrieval system ultimately observes a much simpler consequence:
several surface forms may become indistinguishable after analysis. That equivalence
structure is the level at which this monograph defines policy. The definition is deliberately
independent of whether the implementation uses suffix rules, a dictionary, an automaton, a
neural model, or a patch-command trie.

This move is more than terminology. If two systems implement different conflation
relations, a comparison between their default outputs is jointly a comparison of mechanism
and policy. If one mechanism can realise several relations, the policy becomes a treatment
variable. The nine-study programme is organised around making that variable explicit,
learnable, measurable and, finally, testable in retrieval.

2.1 The retrieval object is an equivalence decision

Let V denote the vocabulary presented to an analyser and let # : V — S map each
surface form to the string used for indexing or query analysis. The literal strings in S are
implementation outputs; the retrieval-relevant relation induced by them is

u~pv <= h(u) =h(v).

Two methods can emit different stem strings and nevertheless realise exactly the same rela-
tion on V. Conversely, two methods can emit superficially similar strings while disagreeing
on which forms are grouped.

Definition 2.1 (Conflation function). A conflation function is a deterministic mapping h :
V — §S. Its induced relation ~j, groups all forms receiving the same output. Unless stated
otherwise, intrinsic comparisons in this volume concern the relation ~, not the linguistic
well-formedness of the output string itself.

That distinction is essential for a system such as Radixor. Its patch commands need not
emit a dictionary lemma in every deployment; they must realise the desired grouping for
the task. A canonical-looking string can be convenient for inspection, but the grouping is
what changes postings and query matches.

11
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2.2 Stemming, lemmatisation and morphological analysis are not syn-
onyms

The literature routinely places several normalisation tasks next to one another because they
manipulate word forms. They should nevertheless be separated by the evidence available
at decision time and by the contract of the output.

A stemmer used in a search analyser normally sees a type in isolation and returns
one indexing form. A lemmatiser aims at a lexical lemma and may use part-of-speech,
morphosyntactic features or sentence context to resolve ambiguity. A morphological analyser
may return several analyses rather than one conflation key. An unsupervised segmenter
such as Morfessor solves yet another problem: discovering sub-word structure rather than
selecting one search-equivalence class.

The relevant comparator set is defined by an information budget and an output con-
tract, not by whether a tool is labelled “morphological”. A contextual lemmatiser can
be an informative neighbouring method without being a fair same-task baseline for a
context-free indexing stemmer.

This principle recurs in the validation agenda. Morfologik, Stempel, Snowball, KStem
and other type-level analysers can be compared directly once resource and output semantics
are aligned. Contextual lemma-rule systems require a separate matched-budget experiment
rather than being silently treated as equivalent baselines.

2.3 A policy is a declared reference relation

The word policy is used here in a deliberately technical sense. Suppose a resource declares
groups of forms that should be treated as related for an intended use. Those groups induce
a reference relation R on the observed vocabulary. A deployed analyser induces its own
relation P. The experimental question is then how P differs from R and, when the reference
changes, whether the same learning mechanism can move P in the corresponding direction.

Definition 2.2 (Lexical policy). A lexical conflation policy over a finite vocabulary V is
a symmetric, reflexive reference relation R C V x V whose positive pairs state which
observed forms are intended to be conflated for the declared task. The relation may arise
from disjoint classes or from overlapping lexical groups; the latter case need not be an
equivalence relation.

The definition deliberately does not call R “linguistic truth”. UniMorph, CISTEM, a
hand-curated domain dictionary and a retrieval-derived oracle can all encode different
legitimate policies. What must be reported is which one was used, how it was constructed,
and which conclusions depend on it.

2.4 The error surface has two axes

Given a reference relation R and a predicted relation P, every unordered pair of distinct
forms falls into one of four cells. Pairs joined by R but not by P are missed conflations; pairs

12
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separated by R but joined by P are false conflations. The former are the relation-level form
of understemming and the latter the relation-level form of overstemming.

Definition 2.3 (Under- and over-conflation). For a fixed evaluation population, let FN
denote reference-positive pairs not predicted positive and FP reference-negative pairs
predicted positive. Let TP and TN have their usual pairwise meanings. We use

FN FP

[=— [=—
Y= O vy

with denominator-zero cases reported explicitly rather than silently imputed.

Neither axis can be reduced to the other. A method can reduce Ul simply by joining
more forms, but that may increase OI; another can protect lexical specificity and move in
the opposite direction. The geometry is shown in Figure 2.1.

conservative edge | >®
few joins, higher U risk

lllustrative trade-off path:
more permissive conflation can
lower UT while raising OI.

UI (missed-conflation rate)

aggressive edge
best region for both errors more joins, higher OI risk
(lower-left corner) p

Ol (false-conflation rate)

Figure 2.1: Intrinsic policy agreement is not naturally one-dimensional. Under-conflation
and over-conflation are separate error rates; reducing one can increase the other. The corner
callouts mark the two limiting regimes, while the three interior points show an illustrative
trade-off path. Chapter 11 therefore compares candidates by dominance and support before
introducing any scalar cost ratio.

This is why a single “stemming accuracy” cannot carry the whole argument. P3 (Galam-
bos, 2026¢) treats the two error axes directly and introduces recursive Pareto strata. Scalars
such as balanced accuracy remain useful for summaries, but only after the multi-objective
structure is visible.

2.5 Why overlapping groups matter

P3 (Galambos, 2026¢) sharpens an issue that is often hidden by toy examples: a lexical
reference need not partition the vocabulary into mutually exclusive classes. The same
observed surface form can occur in more than one lexical family, alternative canonical
targets can coexist in the source, and a multi-output analyser may deliberately retain

13
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several analyses before a later selection stage. In all of those cases, the scientifically stable
object is not a single partition index but the set of positive and negative pairwise judgements
that the study claims to evaluate.

This is why the programme adopts relation semantics rather than family IDs as its
primary language for intrinsic comparison. A partition-based score can be perfectly mean-
ingful when the source really is a partition, but it becomes hard to interpret when overlaps
are present. The same numerical change can mix three different phenomena: genuine
policy disagreement, ambiguity in the source resource, and a scorer’s forced collapse of
overlapping evidence into one class assignment. By working directly with pairwise cover
relations, P3 avoids building these assumptions into the metric itself.

The distinction matters especially for multilingual auditing and historical comparison.
Some resources are conservative and nearly partition-like; others are noisier or intentionally
retain competing analyses. Treating them all as if they provided the same type of gold
structure would make the methodology look cleaner than the evidence really is. The
present monograph therefore uses overlap-tolerant reference relations whenever the source
warrants them and states explicitly when a simpler equivalence-class interpretation is safe.

The pairwise relation is not a stylistic reformulation of class membership. It is the mini-
mal representation that continues to make sense when lexical groups overlap, when one
surface belongs to several rows, or when a system exposes multiple candidate analyses
before downstream selection.

2.6 Three registers of evidence

The research programme operates in three registers that must never be treated as inter-
changeable.

Table 2.1: The same analyser can be studied as a lexical relation, as a compiled software
object, and as a component of a retrieval system. Conclusions move between registers only
when an experiment provides the bridge.

Register Question Representative evidence
Lexical/policy Which form pairs are joined or P1, P3, P4, P6
separated?
Compiled/system  Which transformation is selected, P2, P5, P7, P9
how is it represented, and what does
it cost?
Retrieval How does the realised policy change P8 (with P9 as the deployment
ranking under a declared scorer and  contract)
objective?

A lexical improvement is not automatically a retrieval improvement. A faster runtime
is not evidence of a better relation. A retrieval gain on a development set does not prove
that an intrinsic reference is universally correct. Much of the apparent disagreement in
stemming research disappears once these registers are named explicitly.
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2.7 Why policy, not algorithm name, is the unit of comparison

The conceptual claim of the monograph can now be stated without reference to Radixor. A
stemmer name identifies an implementation family; it does not fully identify the relation
realised on a corpus. Resource choice, construction parameters, adaptation data, output
policy and ranker settings can all change the observable treatment.

For a fixed mechanism M, let 7t denote a lexical policy, 6 the construction/deployment
configuration, d a document/query population, and m an evaluation objective. The quantity
observed in an experiment is better written as

Q(M, m,0,d,m)

than as Q(M). The notation does not assert that all five arguments can be independently
controlled in every experiment. It records what must be held fixed or reported before a
comparison can be interpreted causally.

The remainder of the book makes those arguments concrete. Part II defines the compiled
policy object and how it is learned. Part III asks how faithfully and efficiently it behaves.
Part IV changes the policy while holding the engine fixed and then measures a retrieval
consequence. The final part asks how much of that evidence transfers from one artefact to
the field as a whole.
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Chapter 3

Lineages, Parallels, and Verified Chronology

Historical diagrams are unusually easy to over-read. A horizontal position looks like a
priority claim; an arrow looks like evidence of influence; two boxes placed in one column
look as though they belong to one technical family. For a research programme whose
mechanism has survived for more than two decades, those visual suggestions are not
harmless. This chapter therefore uses a stricter convention than an ordinary related-work
survey: dates come from identifiable publications or release records, and arrows are reserved
for documented continuity. Similarity without evidence of descent is shown by adjacency,
not by an arrow.

The result is less visually dramatic than a single genealogical tree, but more useful
scientifically. It separates four questions that a conventional history often collapses: when a
method was documented, which software line continued it, which later systems solved a
related problem independently, and which mechanisms merely resemble one another when
viewed at a sufficiently abstract level.

3.1 What the diagram is allowed to claim

Figure 3.1 is organised as a set of parallel lanes. The vertical direction is chronological
within each lane, but the lanes are not claimed to form a common ancestor tree. A solid
arrow means that the later item is explicitly documented as deriving from, incorporating,
renaming, or continuing the earlier one. No dashed “similarity” arrows are used. This is
intentional: a mechanistic comparison belongs in prose or in a table, where its scope can be
stated, rather than in a visual grammar that readers naturally interpret genealogically.

3.2 The IR rule tradition

The conventional stemming chronology begins with hand-engineered reductions. Lovins’s
one-pass suffix stripper established the practical pattern of reducing variants without
performing full linguistic analysis (Lovins, 1968). Porter replaced the single list with a
staged procedure whose conditions control when a suffix rule is permitted to fire (Porter,
1980). Paice and Husk contributed another iterative rule system, while Paice’s evaluation
work became at least as durable as the algorithm itself because it made false splitting and
false merging measurable (Paice, 1990, 1994). Krovetz then made lexical acceptability part
of the decision by gating morphological operations with a dictionary (Krovetz, 1993).
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These systems matter to the present programme chiefly as alternative ways of specifying
a conflation policy. Their policy is encoded in program logic, rule tables and exception
data. The Egothor/Radixor line makes a different engineering choice: it induces reusable
edit programs from an external lexical relation and compiles the resulting decisions. The
difference is not that one family is “linguistic” and the other is not; it is where the policy
enters the system and how explicitly it can later be varied.

3.3 The documented Egothor-Stempel-Radixor line

The publication anchor for the line studied in this volume is Galambos’s SOFSEM paper
of 2001 (Galambos, 2001). It describes a Java stemming/lemmatizing method that derives
transformations from lexical evidence rather than requiring a manually authored language
grammar. The associated Egothor code line contains the patch generator, patch executor,
trie representation and reduction machinery that Chapters 5-9 formalise.

The later Apache Lucene Stempel module is not merely a similar implementation.
Lucene’s own API documentation states that the core stemming algorithm and implementa-
tion are taken from the Egothor project (Apache Software Foundation, 2024). A conservative
historical statement is therefore possible without reconstructing every intermediate reposi-
tory revision: the Egothor-derived Stempel module is publicly documented in Lucene 3.1
(2011) (Apache Software Foundation, 2011), and the same line remains present in contempo-
rary Lucene documentation. That continuity is important evidence of engineering viability.
It is not, by itself, evidence that the model is superior on a particular lexical or retrieval
benchmark.

RADIXOR is the modern continuation examined by the nine constituent studies. Its con-
tribution is not the invention of the patch instruction language. That instruction language
is inherited. What changes is the experimental and systems envelope around it: explicit for-
mal semantics, large multilingual resource studies, policy-conditioned training, two-sided
adaptation, verification of compiled memberships, Python packaging, and downstream
retrieval experiments (Galambos, 2026a,b,d,g,h,i). Chapter 4 separates this continuity from
the genuinely new work.

3.4 Stempelator and Morfologik: a neighbouring line, not a predecessor

The available publication and release record places this line after the 2001 Egothor pub-
lication. Weiss’s Stempelator technical report is dated 2005 and describes a hybrid Polish
stemmer combining Lametyzator with Stempel (Weiss, 2005). The public Morfologik
project record and project blog date the project to 2006 and document early dictionary and
library releases (Mitkowski and Weiss, 2006). In May 2007 the project explicitly announced
that the Stempelator code had been reorganised and renamed morfologik-stemming
(Mitkowski and Weiss, 2007). On the evidence used here, there is therefore no basis for
placing Morfologik before the 2001 Egothor publication.

Morfologik remains highly relevant as a comparator. Its compact automata and lexical-
resource orientation probe a different design point from a compiled patch-command trie.
The proper comparison is empirical-quality, coverage, runtime and memory under matched
resources-rather than genealogical. This is why Morfologik appears in the validation
programme of Chapter 18 without an ancestry arrow in Figure 3.1.
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3.5 Parallel learned-transformation traditions

The idea of learning transformations from examples predates Egothor and occurs in several
neighbouring literatures. Transformation-based learning (Brill, 1995), induced unknown-
word rules (Mikheev, 1997), and memory-based morphological analysis (van den Bosch and
Daelemans, 1999) established that linguistic normalisation need not be expressed only as
hand-written suffix logic. Later token-level lemmatisers made edit or rewrite behaviour an
explicit prediction target, including Morfette (Chrupata et al., 2008), CSTlemma (Jongejan
and Dalianis, 2009), LemmaGen (Jursi¢ et al., 2010), Lemming (Miiller et al., 2015), and
related neural systems (Bergmanis and Goldwater, 2018).

Those parallels are technically informative but not interchangeable. A contextual
lemmatiser may consume part-of-speech or sentence evidence that a type-level search
stemmer never sees. Conversely, a type-level compiled stemmer may operate at indexing
throughput and with a fixed deployment model that is not the target of a contextual
tagger. Mechanistic resemblance therefore does not create an equal-budget benchmark
automatically.

XSTEM is closer to the search-stemming problem. Its first arXiv submission is from 2022
(Baker, 2022). As analysed in P9 (Galambos, 2026i), its terminal cut-and-append action can
be embedded in the older Egothor patch executor, whereas an Egothor patch can preserve
source characters between two edits and therefore expresses native actions outside a single
terminal cut-and-append. The useful conclusion is one of technical scope and chronology;
it does not imply that every function obtainable by one complete system is impossible to
reproduce by another system through composition or additional machinery.

3.6 Chronology is not a novelty verdict

The chronology supports several statements and deliberately stops short of others. The
patch-command stemming mechanism is documented in 2001 (Galambos, 2001). Stem-
pelator follows in 2005 (Weiss, 2005); Morfologik’s public project record follows in 2006
(Mitkowski and Weiss, 2006); CSTlemma and LemmaGen are documented in 2009 and 2010
(Jongejan and Dalianis, 2009; Jursic¢ et al., 2010); the Egothor-derived Stempel module is
verifiably present in Lucene 3.1 in 2011 (Apache Software Foundation, 2011); and XSTEM is
first submitted in 2022 (Baker, 2022).

Interpretation boundary. A verified publication date does not establish knowledge, influ-
ence, or independent reinvention. Likewise, native-action inclusion does not establish
end-to-end superiority. This monograph uses chronology to prevent impossible or mis-
leading ancestry diagrams and uses experiment to decide performance questions. The
two evidential tasks are intentionally kept separate.

3.7 A mechanism matrix instead of a single family tree

For later experimental chapters, the distinctions in Table 3.1 are more useful than ancestry
alone. The table asks what evidence a method consumes, what object is executed at runtime,
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whether an unseen type can receive a non-trivial transformation, and whether the conflation
policy is externally replaceable without rewriting the engine.

Table 3.1: A comparison by experimental affordance rather than by historical family label.
“OO0V change” means that a form absent from the training lexicon can receive a non-identity
transformation; it does not imply that the transformation is correct.

Line Evidence Runtime object OOV change Policy control
Rule-based authored rules ordered rewrite yes edit the rules
stemmers program
Krovetz-style gating rules + lexicon lookup-constrained limited or fallback  partial
rules
Morfologik line lexical dictionary + FSA/dictionary varies by replace resources
hybrid logic analyser implementation
Egothor/Radixor lexical relation context-selected yes rebuild policy data
patch command
Contextual annotated tokens + predicted edit or yes retrain
lemma-rule systems features rewrite rule

The matrix makes the historical role of this chapter precise. It does not select a winner. It
identifies which comparisons are genealogical, which are mechanistic, and which require a
controlled empirical study. That distinction becomes essential once the monograph moves
from history to the formal object that all subsequent experiments manipulate.

20



3.7. A mechanism matrix instead of a single family tree

1968

1980

1990

2000

2005

2010

2015

2020

2026

Learned lemma/transformation
[ Rule-based IR stemming ] [ Egothor patch-command line ] [ Polish dictionary/FSA line LA
1 Lovins 1968
longest-match suffix stripping
A Porter 1980
ordered measure-conditioned rules
Paice/Husk 1990
1 iterative rules; evaluation work fol-
lows Brill 1995 — learned transforma-
tions
Krovetz 1993 Mikheev 1997 — induced
dictionary-gated morphological unknown-word rules
inference

van den Bosch & Daelemans

T 1999 — memory-based morphol-
lambos / EGOTHOR 2001 v P
Snowball, early 2000s ) . ogy

. lexicon-induced patch commands,
portable rule language and muiltilin-

. . trie selection and reduction
gual implementations

Stempelator 2005 — Polish hybrid
using Lametyzator and Stempel
Morfologik 2006 — public dictio-

nary/FSA project Morfette 2008 — lemma edit-script
morfologik-stemming 2007 — classification

Stempelator code renamed and CSTlemma 2009 — induced pre-
reorganised fix/infix/suffix rewrites

Apache Lucene STEMPEL
Egothor-derived stemmer docu-
mented in Lucene 3.1 (2011)

LemmaGen 2010 — induced
ripple-down lemmatisation rules

XSTEM 2022
exemplar-based terminal cut-and-
append stemming

RADIXOR 2026

re-engineered continuation; explicit
policy learning, adaptation and
verification

Figure 3.1: A verified chronology organised as parallel technical lanes. Solid red arrows are
used only where the later artefact is documented as a continuation, derivative, or rename of
the earlier one. Vertical placement records chronological order; dense publication windows
are shown as dated clusters so that labels remain legible. Horizontal proximity does not
assert influence. In particular, the Morfologik/Stempelator lane is shown after the 2001
Egothor publication and is not drawn as an ancestor of Egothor or Radixor.
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Chapter 4

From Egothor to Radixor: What Was Inher-
ited and What Changed

A research programme built on an older algorithm has two obligations that are easy to
confuse. It must credit the inherited mechanism precisely, and it must state equally precisely
what the modern work adds. Treating the entire current system as new would erase the
2001 contribution; treating the 2026 programme as mere maintenance would erase the
formal, empirical and deployment work carried out since. This chapter establishes the
boundary.

The inherited idea is compact: learn a vocabulary of edit programs from a lexical
relation, index those programs by form context, and execute the selected program on the
runtime input. The modern programme keeps that computational premise and changes
almost everything around the evidential contract: the compiler is formalised, the parameter
space is measured, the training resource is audited, generalisation is isolated by family
holdout, error trade-offs are made explicit, policies can be changed after the standard model
exists, and the compiled result can be verified against a declared vocabulary before retrieval
is evaluated.

4.1 The 2001 design decision

The SOFSEM paper (Galambos, 2001) was motivated by a practical search problem. A
manually written suffix stemmer embeds linguistic decisions in code; a pure dictionary
embeds answers in a finite list. Egothor instead consumed lexical examples during model
construction and produced a runtime object that selected a transformation. The lexical
resource was therefore evidence used to induce behaviour, not a database that had to be
present for every query token.

The conceptual inheritance of Radixor is not “a large dictionary stemmer”. It is an
offline-to-online separation: lexical relations are used to learn patch commands and
the runtime model carries the learned transformation policy. This is the premise tested
directly by P1 (Galambos, 2026a) and formalised by P7 (Galambos, 2026g).

That distinction explains why out-of-vocabulary behaviour is meaningful in this lineage.
If a compiled state chooses a command for an unseen word, the command operates on the
unseen word’s own characters. A successful output is therefore not an exact dictionary hit
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disguised as generalisation. Conversely, the mere fact that an output exists says nothing
about linguistic correctness; that is why P1 uses withheld lexical families rather than
runtime non-failure as its criterion.

4.2 Patch commands as the inherited instruction language

Definition 4.1 (Patch command, informal). A patch command is a finite program of cursor-
relative edit operations. When executed on a surface form, the program may copy a region
unchanged, delete one or more input characters, insert new characters, or replace input
characters. The formal execution function is defined in Chapter 5.

The primitive operations used throughout the monograph are summarised in Table 4.1.
Their importance is not the syntax of a historical implementation; it is the ability to represent
a transformation with separated edit sites and an unchanged span between them.

Table 4.1: Conceptual operations of the patch executor. Concrete serialisations are im-
plementation details; the semantic distinction is between copying, deleting, inserting and
replacing around a moving cursor.

Operation Argument Semantic effect

skip count n copy the next n input characters and advance

delete count n consume the next n input characters without copying them
insert character/string x  append new material without consuming input

replace character x emit x while consuming the current input position

suface | n e | Jlk|rf|ja|s | n|&]J|s]|i

program delete 3 skip 5 delete 3 insert 'y’

.

result k r a S n y

The transformation edits two separated regions while preserving the material between them.

NS3P2

Figure 4.1: An illustrative patch that maps Czech nejkrdsnéjsi to krdsny. The example is
valuable because it exposes the native action language: an edit can occur before and after a
copied interior span.

4.2.1 A bounded expressivity comparison

P9 (Galambos, 2026i) revisits this instruction language when comparing Radixor with later
configurable systems. The strongest safe conclusion is about native actions, not arbitrary
system composition.

Proposition 4.2 (Native-action inclusion). A terminal cut-and-append transformation can be
represented by an Egothor patch: copy the retained prefix, delete the terminal remainder, and insert
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the replacement. A patch that edits two separated sites while preserving an interior span has no
equivalent as one terminal cut-and-append action.

The proposition does not say that a complete system restricted to a simpler primitive
could never emulate a richer system by repeated application, additional state, or a different
wrapper. It says that the historical Egothor executor already contains the simpler terminal
action and also admits native programs outside that action class. This narrower statement
is both more useful and easier to verify.

4.3 The first study already treated configuration as a variable

The 2001 work did not present a single immutable dictionary as the algorithm. It varied
construction choices and examined how the resulting models changed (Galambos, 2001).
That point connects the historical work directly to the modern research programme: learned
transformation systems have a construction space, and a reported model is one operating
point in that space.

P2 (Galambos, 2026b) turns that observation into a large controlled experiment. Across
20 UniMorph-derived resources, 234 normalised edit-cost settings per resource produce
4,680 resource—cost configurations but collapse exactly to 334 induced command behaviours.
The result is not “costs do not matter”. It is more specific: costs are structural hyperpa-
rameters, yet much of the sampled numeric space is behaviourally redundant. This is the
modern answer to a question already visible in the original design.

The same logic recurs elsewhere. P6 (Galambos, 2026f) shows that source resource con-
sistency changes the support topology from which commands are learned. P4 (Galambos,
2026d) changes the target conflation policy while holding the learning mechanism fixed.
P8 (Galambos, 2026h) then shows that once the policy is changed, the ranking environment
with which it interacts can also change. Configuration is therefore not an implementation
afterthought; it is part of the experimental treatment.

4.4 Stempel as continuity evidence

Apache Lucene’s Stempel documentation explicitly attributes the core stemming algorithm
and implementation to Egothor (Apache Software Foundation, 2024). Historical Lucene
3.1 documentation provides a conservative availability witness in 2011 (Apache Software
Foundation, 2011). This matters in two different ways.

First, it documents software continuity. The algorithm did not disappear with the origi-
nal research prototype; an Egothor-derived implementation became part of a production IR
ecosystem and remained maintained across later Lucene releases. That is unusually strong
evidence that the mechanism is technically usable over long periods.

Second, Stempel is the most informative missing ancestor control for the modern pro-
gramme. A same-resource comparison between Stempel and Radixor can ask what the
new compiler, model representation and surrounding adaptation machinery add while
holding the broad algorithmic lineage unusually close. The validation agenda in Chapter 18
therefore treats this comparison as a priority rather than as historical decoration.
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Interpretation boundary. Production adoption is evidence of continuity and engineering
relevance. It is not evidence that Stempel or Radixor has higher stemming accuracy,
lower latency, or better retrieval effectiveness than an alternative. Those claims require
the matched experiments defined elsewhere in the monograph.

4.5 What Radixor changes

The relationship between the inherited mechanism and the nine-paper programme is
summarised in Table 4.2. The table intentionally avoids the language of a wholesale
replacement. Several core operations are inherited; what changes is the precision with

which their semantics, evidence and deployment are specified.

Table 4.2: The modern programme separates inherited mechanism from new formal, empir-
ical and operational contributions.

Dimension

Inherited line

2026 programme

Transformation object

Context selection

Construction parameters

Training evidence
Beyond-lexicon behaviour

Quality evaluation

Policy choice

Deployment adaptation

Downstream effect

Runtime

patch commands induced from
lexical examples
trie/suffix-context lookup

configurable induction
lexical resource
intended property of executable

rules
agreement/error measurement

implicit in resource and
configuration
rebuild/edit-oriented

IR motivation

Java implementation

retained and specified as an
executable semantic object (P7)
retained; compiler observables
and reduction contracts
formalised (P7)

exhaustive sampled cost study
with exact behaviour collapse
(P2)

audited as a causal input to
learned command support (P6)
measured with family-level
holdout and leakage control (P1)
overlapping-reference pair
semantics, Pareto strata and
support analysis (P3)
experimentally varied under
fixed mechanism (P4)

positive assignments + negative
boundaries + closure verification
(P9)

full-corpus MIRACL
development experiment and
BM25 interaction analysis (P8)
multilingual microbenchmark
campaign tied to compiled
structure (P5)

The final three rows are where the research programme moves beyond a classical

“train a stemmer and benchmark it” story. The policy can be changed without changing
the transformation engine, the changed policy can be verified after compilation, and its
retrieval consequences can be measured as part of a coupled search configuration. Those
steps are what allow the rest of the book to discuss a conflation policy as an experimental
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variable rather than a metaphor for algorithm choice.

4.6 A historical line becomes an experimental platform

The practical interpretation of the lineage is therefore neither nostalgic nor competitive.
Egothor supplies a transformation language and a compiled lookup idea that survived in
Stempel. Radixor turns that line into an instrument for asking a different class of questions:
which lexical relation should be realised, how faithfully is it realised after compilation, how
does it transfer beyond enumerated forms, what error frontier does it occupy, and what
happens when the realised relation enters an actual ranker?

That transition—from an algorithm to an experimental platform-is the reason the histori-
cal material belongs before the formal chapters. The next part can now define the model
without blurring inherited operations with the new claims made about them.
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Part 11

Learning and Compiling the Policy
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Chapter 5

The Executable Policy Object

The rest of the monograph reasons about a compiled analyser, not about an abstract “stem-
mer”. This chapter therefore defines the smallest set of objects needed to connect lexical
evidence to runtime behaviour: a lexical relation, a vocabulary of patch commands, a
context-indexing trie, a command selection function, and the realised string transforma-
tion. The definitions are intentionally implementation-oriented enough to map onto the
Egothor/Radixor code line, but abstract enough to separate semantic claims from storage
format.

The key separation is between selection and execution. A model selects a command
from form context; the command then executes on the current input. Compiler proofs in
P7 (Galambos, 2026g) concern the first function. Generalisation and retrieval observe the
second function composed with it.

5.1 Lexical evidence

Definition 5.1 (Lexical resource and relation). A finite lexical resource consists of canonical
targets r € X with finite sets of associated surface forms V(r) C ¥*, where the resource
may include r itself among its variants. It induces

L={(wr):weV(r)}

The symbol r denotes the resource’s designated target. It may be a lemma, root-like form,
or another canonical representative; the formal machinery does not require one linguistic
interpretation.

The resource can contain ambiguity. The same surface string may occur in more than
one lexical family, which is why later evaluation is formulated as a relation over form
pairs rather than assuming that the gold data always form a partition. For training/test
separation, however, the family row is treated as an atomic unit. This prevents a model
from being trained on one member of a paradigm and credited for “generalising” to another
member of the same held-out row.

5.2 Patch commands are programs, not stored answers
Definition 5.2 (Patch command). Let

IT = {skip(n), delete(n), insert(x), replace(x) : n € N, x € £}.
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A patch command is a finite sequence ¢ = (pj, ..., px) with p; € IT. The set of commands
induced for a model is denoted C.

Definition 5.3 (Execution). Exec(c, w) executes command c against the characters of input
w. Cursor movement is bounded at the end of the string, so execution is total over C x X*.

Algorithm 5.1: Exec(c, w) — execute a patch command

Input: command ¢ = (p1,..., px);input w = wy - - - Wy,
Output: transformed string y

1y<+¢gi+1;

2 forj < 1tokdo

3 switch p; do

4 case skip(n) do

5 L t < min(n,m —i+1);append w; - - - Wiy 1 toY;i i+t
6 case delete(n) do

7 | i« min(i+n,m+1);

8 case insert(x) do

9 | append x toy;
10 case replace(x) do
11 L append x to y; if i < m theni < i+1;

12 if i < m then append w; - - - wy, to y;
13 return y;

Example 5.4 (A transformation with preserved interior). For w = nejkrdsnéjsi, the illustra-
tive command
(delete(3), skip(5), delete(3), insert(y))

removes a prefix, copies an interior region, removes later material and appends a replace-
ment ending, producing krdsny. The copied interior is the native-action distinction used in
Proposition 4.2.

A command is reusable because it contains an operation, not a memorised target string.
When a command selected from a familiar suffix context is applied to an unseen word,
preserved characters come from that unseen input itself. This is the representational
basis for the family-transfer experiment in Chapter 12.

5.3 The command-selection structure

Definition 5.5 (Patch-command trie). A patch-command trie 7 is a rooted character-
indexed structure whose node n may carry a value val(n) € C U {_L}. For suffix-oriented
models, the lookup key is the reversed surface string W,s0a path from the root represents
progressively longer suffix context in the original word.

Reversal turns morphological suffix similarity into shared prefix structure in the trie.
This is an indexing choice rather than a linguistic theorem; a prefix-oriented model could
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5.4. Selection and realised output are different functions

use the forward form. What matters for the compiler is that multiple contexts share
substructure that can later be canonicalised or contracted.

The dashed regions have the same re-
cursively observed values and contin-

uation structure. Canonicalisation may
share them without changing the rele-

vant selection observable.

Figure 5.1: A suffix-context trie. Valued nodes carry commands; routing nodes need not.
Recursively equivalent regions are candidates for semantic canonicalisation in Chapter 9.

5.4 Selection and realised output are different functions

Definition 5.6 (Command selection). Let P (%) be the nodes visited while traversing the
reversed input. The selection function returns the deepest visited value-bearing node,

C(w) = val <arg max {depth(n) : val(n) # J.}) ,
neP(‘w)

with C(w) = L if no visited node carries a value.

Definition 5.7 (Realised transformation). The deployed analyser computes

Exec(C(w),w), C(w) # L,

Hw) = w, C(w) = L.

The distinction is the formal hinge of the compiler analysis. A reduction may preserve
which command is selected while the resulting stem still depends on the full runtime
input through Exec. Conversely, extending a command selection to a new continuation can
change the domain on which the decision is made without storing any new target strings.

Three runtime properties follow immediately. Traversal consumes at most the word
length; accepting leaves can terminate the search early; and a word that matches no
command context falls back to identity rather than being forced into an unrelated class.
P5 measures the cost of the actual implementation instead of treating these bounds as a
performance prediction.

5.5 Reduction mode is part of the model condition

The compiler can expose different observables—for example a preferred command, a ranked
candidate sequence, or an unordered candidate set. A reduction mode specifies which
observable must agree before two regions are shareable. More informative observables
constrain sharing more strongly.
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Algorithm 5.2: H(w) — runtime lookup and command execution

Input: surface form w; compiled trie 7 with root 1
Output: normalised output
n < ng; best < val(np);
fori + |w|to1do
if n has no edge w; then break;
n < child reached by w;;
if val(n) # L then best < val(n);
if n is an accepting leaf then break;

N Ul R W N =

if best = | then return w;
8 return Exec(best, w);

N

This is why the mode belongs to the reproducible policy condition. Two builds from the
same lexical resource and the same cost vector can legitimately differ if they compile under
different observables. Theorems in Chapter 9 are therefore parameterised by the semantic
contract rather than asserting a single unqualified notion of “equivalent subtree”.

5.6 Obiject ledger

Table 5.1: The formal objects and the studies that interrogate them.

Object Symbol Primary role

Lexical relation L policy evidence; family holdout; overlapping reference
construction

Patch command celC learned reusable transformation; vocabulary-size studies

Compiled trie/DAG T context selection, compiler reduction and runtime structure

Selection function C semantic observable preserved or extended by compilation

Realised transformation H actual output observed by intrinsic and retrieval experiments

Policy condition T resource + construction + adaptation information defining

intended relation

The next chapter explains how £ becomes C and 7. The chapter after that shows that
apparently small upstream choices—edit costs and resource support—can materially change
the object before the compiler ever attempts to reduce it.
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Chapter 6

From Lexical Pairs to Reusable Transforma-
tions

The learned model is produced by a deterministic compilation pipeline. A surface/target
pair is aligned under an edit-cost vector, the chosen edit path is normalised into a patch
command, and the command is indexed by the surface form’s context. Only after all
training evidence has been inserted does the compiler reduce the structure.

This ordering matters scientifically. P2 changes the edit-cost vector and observes differ-
ent induced command vocabularies; P6 changes resource support and observes different
command vocabularies; P7 begins only after that vocabulary and trie have already been
built. Induction and reduction are therefore separate causes of the final artefact.

6.1 Construction pipeline

Algorithm 6.1: BUILD(L, 1y, j¢) — induce and compile a model

Input: lexical relation £; edit-cost vector <y; reduction mode
Output: compiled model (7,C)

1 C < @;T < empty trie;

2 foreach (w,r) € L in the frozen deterministic order do

3 s < ALIGN(w, 7, 7Y);

4 ¢ < NORMALISE(S);

5 C+ CU{c}

6 INserT(T, 0, ¢);

T <+ CANONICALISE(T, 1t);

T < ConTRACT(T);
return (7,C);

o ® 3

The relation £ supplies target evidence; v determines which edit program is chosen
when several programs can realise the same pair; y determines what the compiler is
allowed to identify. These are distinct configuration dimensions and are reported separately
throughout the empirical chapters.
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6.2 Minimum-cost alignment

Forw = w;...wy and v = r1...7;, dynamic programming computes a minimum-cost
path through the standard edit lattice. Match, replacement, deletion and insertion are all
candidates where defined. An explicit match or skip cost is retained because the experiment
in P2 varies the relative price of preserving material as well as changing it.

Algorithm 6.2: ALIGN(w, 7, y) — minimum-cost edit sequence

Input: w of length m; 7 of length g; non-negative costs y = (Yinss Ydels Yreps ’Yskip)
Output: one deterministically selected minimum-cost edit sequence
fori < Otomdo
| DI0] < iver
forj < Otogdo
| DIOJ[j] ¢ jvins
fori < 1tomdo
6 forj < 1togdo

N =

oW

ul

7 ddiag A D[i - 1][7 - 1] + {%kw, v 1’],;
Yrep, Wi # Tj

8 dger < D[i = 1 [j] + Vaer:

9 dins < DMU_” + Yins;

10 DIi][j] <= min(daiag, dger, dins);

11 trace back from (11, q) using the frozen deterministic tie order;
12 return the corresponding edit sequence;

Two details are part of the model definition rather than implementation minutiae. First,
deletion and insertion remain alternatives even when w; = r;; otherwise the procedure
would not in general compute a minimum under arbitrary non-negative costs. Second,
traceback ties are resolved by a fixed order. Equal total cost does not imply an equal
command, so nondeterministic tie-breaking would make model identities irreproducible.

6.3 Normalising an edit path into a command

The raw traceback contains one operation per local step. Normalisation coalesces consecu-
tive compatible operations and chooses a canonical encoding for commuting local choices.
The purpose is semantic identity: when two training pairs induce the same reusable trans-
formation, the command vocabulary should contain one symbolic command rather than
several serialisations of the same action.

P2 defines exact behavioural equivalence at precisely this level: two cost settings are
equivalent on a resource when the complete ordered sequence of normalised commands
agrees. The definition is intentionally upstream of quality metrics.

The two verbs in Figure 6.1 do different theoretical work. Coalescing replaces a run of
locally separate edits by one operation on a contiguous segment; canonicalising chooses one
serialisation when several serialisations would execute to the same observed transformation.
Without the first step, the vocabulary would contain accidental fragmentation caused only
by local traceback granularity. Without the second, the same structural command could
appear under several surface encodings and later be miscounted as several distinct learned
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6.4. Indexing commands by context

alignment path
DDDMMMMMDDD I

coalesce consecutive operations and choose one
canonical serialisation

normalised command
delete (3), skip(5), delete(3), insert ('vy’)

Different minimum-cost paths may encode different structural hypotheses even when they trans-
form the training word to the same target; this is why edit costs become structural hyperparameters.

Figure 6.1: Illustrative conversion from a character-level edit path to the command repre-
sentation executed at runtime.

hypotheses.

This is also the point at which a stemmer ceases to be merely an alignment procedure.
Dynamic programming supplies an optimal path under a chosen local cost model, but
induction must still decide what symbolic object will be stored and reused. P7 shows that
this symbolic layer is where strong compiler properties become available: accepting-leaf
generalisation, deterministic value selection and semantic-preservation claims all depend
on the command language having a stable identity relation.

P2 provides the complementary warning. If edit costs change the preferred traceback,
they can change the normalised command even when the immediate training pair still
transforms correctly. Hyperparameters therefore act on the support topology seen by the
compiler, not just on an auxiliary training loss.

6.4 Indexing commands by context

Commands are inserted under the reversed surface form. A node may receive support
for more than one command; the active model mode determines how such support is
represented and which observable the later reduction must preserve. The conceptual
insertion procedure is shown in Algorithm 6.3.

Algorithm 6.3: INSERT(T, %, c) — add command evidence

Input: trie T ; reversed key %; command ¢
1 1 < root of T ;
» foreach character x in % do
3 if 1 has no outgoing edge x then
4 L create child node 1’ and edge x;

5 n <— child reached by x;

6 update the mode-specific support/value information of 11 with command c;

Insertion is evidence accumulation, not yet compiler optimisation. P6 is therefore able
to observe resource-consistency effects at the command-support level before the reduction
of P7 is applied.
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6. From Lexical Pairs to Reusable Transformations

6.5 Determinism and row order

For a frozen resource, cost vector, normalisation rule and conflict semantics, the final un-
reduced evidence state should not depend on an arbitrary ordering of lexical rows. Where
support aggregation is commutative and associative, row order can affect intermediate
memory state but not the represented evidence.

Proposition 6.1 (Row-order independence under aggregated support). Assume that command
evidence stored at a node is combined by an associative and commutative aggregation operator and
that command serialisation is canonical. Then any permutation of the same multiset of lexical
training pairs yields the same node-level agqregate evidence before reduction.

The proposition is intentionally conditional on the aggregation semantics. An imple-
mentation that resolves conflicts by “first wins” or “last wins” would not satisfy it. The
reproducibility appendix records the deterministic input ordering anyway, because build
identity should not rely on an unstated algebraic assumption.

6.6 What induction guarantees—and what it cannot

For each training pair, alignment and command formation produce a program that can
transform the surface to the target under the stated execution semantics. That fact does
not guarantee that the command will later be selected uniquely for every training surface
after conflicts and reduction, nor that the same command is linguistically correct on a new
surface sharing its context.

Interpretation boundary. Induction provides candidate transformation evidence. Compiler
reduction provides a selected runtime representation. Generalisation quality is an empir-
ical property of the composition. These three layers are measured by different studies
and should not be collapsed into the statement “the algorithm learns the dictionary”.

The next two chapters examine the two upstream sources of structural variation before
formal reduction: edit-cost choice (P2) and lexical-resource consistency (P6). Chapter 9 then
asks what the compiler is entitled to merge or generalise once that induced evidence has
been fixed.
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Chapter 7

When Alignment Parameters Become Model
Structure

The compiler does not learn patch commands from surface/target pairs directly. It first
chooses an edit alignment, and that choice depends on the edit-cost vector. In a conventional
dynamic-programming exercise, the costs can look like local numerical preferences. In
an induced stemmer they have a deeper role: changing the minimum-cost alignment can
change the patch command, which changes the command vocabulary, the trie contents, the
opportunities for sharing, and eventually the compiled runtime object.

This chapter is the monograph’s synthesis of P2 (Galambos, 2026b). Its purpose is not to
identify one universal cost vector. It asks a more basic question: how much of the nominal
parameter space corresponds to genuinely different learned behaviour, and how much is
only a different numerical name for the same induced model?

7.1 The experimental object

Let 7y denote the tuple of insertion, deletion, replacement and match costs used by Algo-
rithm 6.2. P2 samples delete/insert/replace costs from {1,2,3,5,10} and match costs from
{0,1}. Removing settings that are equivalent under common positive scaling leaves 234
normalised configurations. The experiment applies those configurations to 20 UniMorph-
derived lexical resources and evaluates the resulting models under the same family-level
protocol used by the generalisation study:.

The campaign scale is summarised in Table 7.1. The key quantity is not the number of
numeric settings but the number of exact induced behaviours.

Table 7.1: The sampled grid and the exact behavioural collapse reported in P2. Logical
observations count the nominal resource—cost—evaluation cells; physical scenarios exploit
proven exact equivalence and are therefore not an approximation.

Quantity Count Interpretation

Normalised cost settings 234  distinct sampled relative-cost points
Resource—cost combinations 4,680 20 resources x 234 settings

Logical observations 234,000 nominal repeated evaluation cells

Physical evaluated scenarios 16,700 scenarios after exact reuse

Exact induced behaviours 334 resource-specific command-sequence classes
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7. When Alignment Parameters Become Model Structure

7.2 Exact behavioural equivalence

Two cost settings are declared equivalent on a resource only when they induce the same
ordered command sequence for the complete mapping sequence. This is stronger than
“similar accuracy” and stronger than “same output on the training forms”. It is an iden-
tity statement about the learned symbolic behaviour before later compilation effects are
considered.

Proposition 7.1 (Exact command-sequence equivalence). For a fixed finite lexical resource,
equivalence of two sampled cost settings is decidable by finite comparison of the normalised induced
command sequence. No numerical tolerance or statistical test is involved.

Because the equivalence is established on the complete resource, it survives restriction
to any subset.

Proposition 7.2 (Subset invariance). If two cost settings induce identical commands for every
row of a resource L, then they induce identical commands for every subset L C L.

This property is operationally important. Once a resource-specific equivalence class
has been identified, every nested coverage subset used by the family-holdout protocol can
reuse that identity exactly. The campaign can therefore collapse repeated builds without
changing the estimand.

Across the 4,680 resource—cost combinations, P2 observes only 334 exact resource-
specific induced behaviours. The resulting 234,000 logical observations are realised by
16,700 physical scenarios. The reduction is a consequence of symbolic identity, not a sam-
pling shortcut.

behaviours - (0334 =

physical scenarios — 016,700 —

logical observations |- 0234,01

103 10* 10

count (log scale)

Figure 7.1: The cost grid is large numerically but highly redundant behaviourally. The
logarithmic axis is used only for visibility; Table 7.1 carries the exact counts.

7.3 Why a continuous-looking parameter space collapses

For a particular surface/target pair, an alignment is chosen by comparing sums of primitive
edit costs. Within a region of cost space where the ordering of all competing paths remains
unchanged, the same traceback is selected and the same command is emitted. Behaviour
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7.4. Sensitivity of quality inside the sampled grid

therefore changes at boundaries where two candidate paths exchange order; between those
boundaries the induced symbolic model is piecewise constant.

This explains why nominal grid density is not a useful measure of model-space coverage.
Ten adjacent numeric settings may represent ten different models, or one model repeated
ten times. The same reasoning generalises beyond Radixor: whenever a discrete structure
is selected by an optimisation over continuous or ordinal hyperparameters, reporting only
the number of parameter settings can substantially overstate experimental diversity.

7.4 Sensitivity of quality inside the sampled grid

Behavioural collapse does not imply that the remaining behaviours are interchangeable.
P2 evaluates the complete sampled-grid quality landscape in matched resource x split
x coverage strata. Across 900 held-out strata, the median range in unseen changed-form
exactness is only 0.0067 percentage points, with an interquartile range of 0-0.0608 and
a 95th percentile of 0.360. The largest observed single-stratum range is 2.577 percentage
points for Czech. The corresponding Fy 5 landscape is also usually flat but not identically
s0.

The statistically cautious reading is therefore two-sided. It would be wrong to claim
that edit costs “do not matter”, because local resource-specific sensitivity is real and the
structural object can change markedly. It would be equally wrong to infer that every
numeric adjustment is meaningful, because the majority of sampled settings fall into
extensive equivalence regions and most matched quality ranges are small.

7.5 Structural slack is larger than quality sensitivity

A particularly useful result is that model structure can often be reduced without a cor-
responding measurable loss in the reported held-out criterion. The full-grid structural
minimum yields a smaller full-dictionary command vocabulary for 17 of 20 resources,
with reductions exceeding 24% in some cases. Tied structural-minimum behaviours agree
exactly on changed-form exactness in the matched strata, and the largest median paired
exactness difference from the baseline reported by P2 is +0.041 percentage points.

This does not prove that fewer commands cause equal or better retrieval, and it does not
identify a universal compression recipe. It reveals a practical property of the learned repre-
sentation: the symbolic vocabulary contains resource-specific slack that can be explored as
a structural objective rather than guessed from training-set size.

Table 7.2: A separation between exact facts about the frozen campaign and descriptive
summaries of its observed resources.

Exact/deterministic Descriptive/empirical
Command-sequence equivalence classes distribution of quality ranges
Subset invariance resource-level sensitivity differences
4,680 configurations — 334 behaviours guarded operating points

16,700 physical scenarios realise 234,000 logical  associations among representation counts
observations
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7. When Alignment Parameters Become Model Structure

Interpretation boundary. The 20 resources are an audited multilingual collection, not a
probability sample of languages. Numeric summaries across them describe the campaign.
The exact equivalence and subset-invariance statements are mathematical properties

of the constructed finite objects; the cross-resource medians and correlations are not
population estimates for “languages in general”.

7.6 Consequences for the rest of the programme

P2 changes how the remaining studies must be read in three ways.

First, a model condition is under-specified if it names the lexical resource but not
the induction configuration. The cost vector is part of the route from policy evidence to
executable artefact.

Second, hyperparameter searches should report distinct induced behaviours as well as
parameter points. Without that count, robustness may be nothing more than repeated
evaluation of the same model.

Third, the result connects naturally to the resource audit of Chapter 8. Both studies show
that upstream representation choices change command support and compiled structure
before runtime is ever measured. This is why Part II places edit-cost sensitivity and resource
consistency before compiler semantics: they determine what object the compiler is asked to
reduce.
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Chapter 8

Resource Consistency as a Compiler Input

A lexicon-trained stemmer inherits more than vocabulary coverage from its training re-
source. Duplicate analyses, inconsistent canonical targets and uneven support for transfor-
mations alter the frequency with which commands are observed and therefore the symbolic
vocabulary presented to the compiler. The resource is part of the model-construction
process, not merely a source of examples.

This chapter synthesises P6 (Galambos, 2026f). P6 does not ask whether one lexical
database is linguistically better than another in the abstract. It asks a narrower systems
question: after conservative consistency operations, how much does the learned transfor-
mation vocabulary change, and what does that change reveal about the mapping from
lexical rows to executable commands?

8.1 The row-to-command map is many-to-one

A tempting mental model is that each suspicious lexical row creates one suspicious patch
command. The actual compiler is less local. Many rows can induce the same normalised
command; one row can cease to support a command that remains strongly supported
elsewhere; removing a conflicting assignment can change the relative evidence for several
commands at a shared context. Consequently, the effect of resource cleaning is mediated by
support topology, not by a one-row /one-command correspondence.

This observation explains why lexical sanitation should not be evaluated only by
counting edited rows. The relevant downstream quantities include the number of distinct
commands, their support, the stored value references and the shape of the compiled trie.

8.2 Audit protocol

P6 freezes the resource universe and applies an ordered audit pipeline. The pipeline first
resolves source-structural defects that can be identified without consulting the resulting
stemmer. It then materialises candidate changes and measures their effect on the learned
representation. A change is accepted as a resource correction only when its source justifica-
tion is independent of the desired model outcome; model size is used as a diagnostic, not
as a criterion for rewriting the linguistic source.

That separation protects the analysis against a common circularity. If a resource row is
modified merely because the compiler becomes smaller or the benchmark improves, the
resource is no longer an external source of evidence. It has become a tuned parameter.
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8. Resource Consistency as a Compiler Input

P6 therefore distinguishes resource sanitation from model optimisation even when both
happen to reduce command vocabulary. Figure 8.1 makes the ordering explicit. The
resource itself remains immutable; auditing materialises a separate candidate, and only that
candidate is recompiled and measured. This separation is not cosmetic. It is what allows
the article to report positive, zero-change and no-safe-change outcomes under one frozen
protocol instead of silently overwriting the source until the compiler looks cleaner.

registered resource

inspect directly observable source structure before
model-based evidence

source-structural sanitation

evaluate competing assignments only after sanitation;
the stages are ordered

assignment-dominance review

materialise a separate candidate; never overwrite the
registered source

non-destructive candidate resource % German-only external-source validation

rebuild the candidate before measuring the learned
transformation vocabulary

recompile candidate and recompute K

Figure 8.1: The ordered evidence path used in P6. The registered source is never rewritten
in place; auditing creates a separate candidate whose induced command vocabulary is then
recomputed. External-source validation is available only for the German case study.

8.3 Observed structural effect

P6’s audit census is informative precisely because its outcomes are mixed. The headline
counts are not ten automatic “fixes” but ten materialised candidates chosen from a high-
command audit queue, plus explicit no-safe-change cases. Dutch and Persian cross the same
queue threshold as the edited resources yet do not admit an automatic intervention under
the frozen evidence rules. Among the grouped-rule candidates, some lose many lexical
assignments but no command at all because every affected command remains supported
elsewhere; others lose commands through sanitation even when no dominance-qualified
assignment is removed. The response variable is therefore the support topology of the
learned transformation inventory, not the raw number of edited source rows.

The frozen census contains 12 high-command resource configurations. Ten non-
destructive candidate resources are materialised, while Dutch and Persian are explicit
no-safe-change outcomes under the automatic evidence rule. Nine candidates use the
homogeneous grouped rule and German is kept separate because it uses a deliberately
less conservative individual rule. Among the nine grouped-rule candidates, eight reduce
distinct patch-command vocabulary. Their summed command count moves from 20,281 to
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8.4. The informative cases are the non-linear ones

19,842, a 2.165% reduction, with a median per-resource reduction of 1.334%. German falls
from 6,986 to 5,313 commands, a 23.948% reduction, and is not pooled into that headline.

Table 8.1: Published structural outcomes of P6. The German case is reported separately
because it uses an external-source validation path rather than being pooled as another draw
from a common population.

Scope Before After Interpretation

Grouped audited stratum 20,281 19,842 —2.165% summed command vocabulary;
median resource change —1.334%

German external-source case 6,986 5313 —23.948% command vocabulary

The German result is deliberately not generalised to the other languages. It is useful
because it demonstrates the maximum kind of structural effect that a resource inconsistency
can have in a real audited case, not because it estimates an expected reduction for arbitrary
lexicons.

8.4 The informative cases are the non-linear ones

The central P6 result is not simply that command vocabulary becomes smaller. It is that
lexical edits and learned commands are connected through many-to-one support topology.
The most useful cases are therefore those in which source edits and command counts move
differently.

Table 8.2: Selected audited cases that demonstrate why row edits, command vocabulary
and package bytes are different measurement units.

Case Observed change Mechanistic interpretation

Finnish 3 dominance-qualified assignments every affected command retains
removed; AK =0 support elsewhere

Hebrew 0 dominance-qualified assignments source-structural sanitation changes
removed; 41 commands disappear the accepted evidence before

dominance filtering

German 2,055 dominance-qualified mapping count and command count
assignments removed; 1,673 fewer are different units; staged K values
commands are unavailable

Polish UniMorph 3 commands disappear while candidate materialisation adds a

Dutch / Persian

candidate GZip grows by 121 bytes

baseline vocabularies 538 / 704
commands; no automatic candidate

237-byte provenance block and
reserialises accepted rows; package
bytes are not model complexity
crossing the audit threshold is
insufficient evidence for a safe
intervention

The Polish case is particularly useful because it falsifies a tempting shortcut: compressed
artifact size cannot be substituted for lexical payload or compiled structure when the
baseline and candidate are not serialised under an identical metadata policy. P6 therefore
demotes package-byte deltas to provenance diagnostics. A controlled footprint study
would have to canonicalise both baseline and candidate through the same serializer and

45



8. Resource Consistency as a Compiler Input

separately measure trie nodes, edges, value references, memory and runtime.

German also supplies the only external-source relation-level check in P6. The candidate
improves the frozen micro CISTEM-style score under both related CELEX2-derived gold
policies, primarily through recall recovery with a small precision increase. Because the two
standards share the same CELEX2 source, that agreement is directional corroboration, not
two independent external replications.
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Figure 8.2: Relative command vocabulary remaining after the audited changes. The bars are
not estimates of a common language-level effect; they show two differently scoped audit
results.

8.5 What the reduction means—and what it does not mean

A smaller transformation vocabulary is not automatically a better stemmer. Redundancy
can be harmless, and a rare command can encode an important irregular pattern. The
structural reduction is valuable because it reveals that source inconsistency can propagate
non-locally into the executable model. It provides a triage signal for resource review and
a mechanism for explaining why two seemingly similar lexical resources can compile
differently.

The result also sharpens the interpretation of P2. Edit costs and lexical consistency are
different upstream perturbations, but both alter the support from which commands are
induced. A construction protocol is therefore not fully identified by naming the compiler
and the language. It includes the specific lexical source, its version and audit state, as well
as the induction hyperparameters.

A second lesson concerns validation scope. German is reported separately not only
because the induced change is large, but because it is the only case with a deliber-
ately less conservative individual rule and an external-source check against two related
CELEX2/CISTEM-derived policies. Its positive direction is therefore useful corroboration,
yet it is not an independent multilingual replication of the grouped-rule audit. The
monograph keeps these strata apart so that a strong case study does not silently inflate a
cross-resource claim.
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8.6. Why this chapter precedes compiler semantics

Interpretation boundary. The audit does not license the rule “minimise the number of
commands”. A model with fewer commands can be worse, equal or better depending
on which transformations were removed. Command-vocabulary reduction is evidence of
a structural consequence of resource consistency; quality and retrieval require separate

measurements.

8.6 Why this chapter precedes compiler semantics

The compiler can only preserve or generalise the object it receives. P6 shows that the object
already depends on the topology of support in the lexical resource. In the causal chain
of the programme, the order is therefore resource — induced commands — compiled
structure, not resource — compiler as if induction were transparent. This is why resource
consistency belongs in the mechanism part of the monograph rather than in an appendix
on data cleaning.
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Chapter 9

Two Compiler Operations, Two Semantic
Contracts

The word reduction hides two different operations in the Egothor/Radixor compiler. One
operation shares recursively equivalent substructures; the other replaces a uniform repre-
sented region by an accepting leaf. Both can make the model smaller, but only the first is
purely a representation change. The second can make a command decision apply to inputs
whose continuations were not represented before.

This distinction is the central formal contribution of P7 (Galambos, 2026g). It explains
why a compiled lexicon-trained model can be compact and still exhibit rule-like behaviour
on unseen inputs, while also showing exactly where a proof of semantic preservation ends
and an empirical claim about linguistic correctness must begin.

9.1 Canonicalisation: quotienting without changing selection

Fix a reduction mode . Each node exposes a mode-specific observable obs, (1): for exam-
ple, a preferred command or another declared view of the node’s candidate information.
The compiler may share two rooted substructures only when their observables and all
labelled continuations agree recursively.

Definition 9.1 (Reduction signature). The mode-y signature of a node is

sigy(n) = <0bsy(n),{(x, sigy(nx)) n 5 nx}>,
where children are ordered canonically by edge label.

Definition 9.2 (Canonicalisation quotient). For nodes n,n’,letn =, n' iff sig,, (n) = sigy(n’ ).
Canonicalisation replaces each equivalence class by one representative and redirects incom-
ing edges to it.

The construction belongs to the classical family of minimisation and acyclic canonical-
isation results (Daciuk et al., 2000; Mihov and Maurel, 2001; Mohri, 2000; Nerode, 1958;
Revuz, 1992). The point of P7 is not to claim a new Myhill-Nerode theorem; it is to state
the correct observable for this value-carrying patch-command structure and prove what
the actual mode-specific compiler is allowed to share.
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9. Two Compiler Operations, Two Semantic Contracts

Theorem 9.3 (Selection preservation). For every public reduction mode p, =, is a congruence
for labelled edge traversal. Canonicalisation therefore preserves command selection:

Cr(w) =Cr/=,(w)  forallw e X*.

Proof sketch. Equal signatures contain equal current observables and equal labelled child
signatures. Traversal from equivalent nodes therefore remains in equivalent classes after
every consumed character. The sequence of value-bearing observables along a represented
path is unchanged, so the deepest applicable command is unchanged. O

Proposition 9.4 (Insertion-order stability). When children are represented by the canonical set of
labelled child signatures, the computed signature is independent of the order in which those children
were inserted.

Theorem 9.5 (Relative minimality of the canonical DAG). In the contraction-free exact-trie
phase, equality of reduction signatures produces one state per distinct rooted, edge-labelled, mode-y
observable subtrie. No deterministic acyclic representation obtained solely by sharing such equivalent
represented subtries can use fewer states while preserving the same represented paths and node
observables. The quotient remains acyclic and bottom-up construction terminates.

Interpretation boundary. Theorem 9.5 is relative to a specific representation class and pre-
cedes accepting-leaf contraction. It is not a theorem that the production file is globally
minimal in bytes, that no other transducer encoding can be smaller, or that the resulting
model has minimum runtime. Those are different optimisation problems.

Algorithm 9.1: CANONICALISE( T, ) — share equal semantic subtries

Input: exact trie 7 ; reduction mode

Output: DAG quotient preserving the selected observable
R < empty map from signatures to representative nodes;
foreach node n in reverse topological order do

N

3 0+ (obsy(n), {(x, sigy(nx))}x> in canonical edge order;
4 if ¢ € R then

5 ‘ redirect incoming edges of 7 to R[c’| and discard n

6 else

7 L R[o] « n;sig, (n) o

8 return 7 ;

Remark 9.6 (Reference-implementation complexity). A naively materialised recursive
signature can perform quadratic total work on a degenerate chain because long descendant
descriptions are repeatedly incorporated. This is a reference-implementation bound, not a
claim about classical linear acyclic minimisers. The production implementation can cache
or hash incrementally, but the formal presentation records the worst case of the stated
construction.
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9.2. Accepting-leaf contraction: generalising a decision

before after
quotient i >
R
two equal represented subtries shared state, same selections

Figure 9.1: Equal recursively observed substructures are represented once. The set of
represented paths and selected commands is unchanged.

9.2 Accepting-leaf contraction: generalising a decision

Canonicalisation cannot explain why a word whose continuation was never present in
the exact trie may nevertheless receive a command. That behaviour comes from a second
operation.

Definition 9.7 (Locally uniform represented region). A region rooted at 7 is locally uniform
with value v when every relevant value on the represented training support below # is
compatible with v under the active mode. Missing outgoing continuations are not part of
that represented support.

Definition 9.8 (Accepting-leaf contraction). A uniform region is replaced by an accepting
leaf carrying v. Traversal that reaches the leaf returns v immediately, without inspecting
the remaining input characters.

Theorem 9.9 (Value-decision extension). Let T be obtained by contracting a locally uniform
region rooted at n with value v. Then (i) every represented training path through the region selects
the same value as before; (ii) any previously unrepresented continuation that reaches n now receives
the explicit decision v; and (iii) command selection is unchanged for all training inputs.

Proof sketch. Uniformity guarantees that every represented valued state in the region agrees
with v, so replacing the represented remainder by a leaf cannot change a training-path
decision. A continuation that formerly encountered a missing edge now stops at the
accepting leaf and receives v. Thus represented behaviour is preserved while the domain
on which v is an explicit decision is expanded. O

9.3 The generalised object is a command selection, not a stored stem

Suppose a contracted leaf carries “delete the final three characters”. Two unseen words
reaching that leaf do not receive the same output string. Each receives the same program,
executed against its own characters. The compiler therefore generalises a transformation
decision, not a dictionary answer.

This observation is the formal bridge to P1. Theorem 9.9 shows that the decision domain
can expand. P1 measures whether the resulting transformations recover targets on held-out
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represented region accepting leaf

A
"oP T O

@ @ @ ? Remaining continuations no longer

need an enumerated edge: the leaf
makes the command decision final.

Figure 9.2: Training-path selections remain unchanged, while continuations that were not
explicitly represented can now inherit the uniform command decision.

Algorithm 9.2: CONTRACT(T") — replace uniform represented regions

Input: canonicalised structure 7
Output: structure with accepting-leaf contractions
1 foreach node n in reverse topological order do

2 U <+ UNIFORMVALUE(n);

3 if U # L and n is eligible for contraction then

4 L discard descendants of 71; mark 1 accepting; val(n) < U;
5 return 7

lexical families. The theorem cannot answer the empirical question, and the holdout result
cannot replace the theorem about what the compiler actually did.

Interpretation boundary. Accepting-leaf contraction preserves the declared value decision
on represented training paths and extends that decision to additional continuations.

It does not prove that the extended decision is morphologically correct. Linguistic or
retrieval correctness remains an empirical property of the newly covered inputs.

9.4 Implementation verification accompanies the proof

P7 is not only a paper proof detached from code. Its frozen artifact maps the formal
objects back to the Java compiler and adds three layers of corroboration: mode-specific unit
cases for semantic canonicalisation, explicit accepting-leaf cases for domain extension, and
property-based tests over generated tries. The publication package also records source-file
identities and a theorem-to-source correspondence so that later implementation changes
can be checked for semantic drift.

This evidence has a deliberately limited role. Tests do not prove the theorem, and the
theorem does not prove that every future implementation preserves the same contract.
Together they close a common systems-research gap: the formal statement describes the
observable actually implemented by the frozen compiler, while the tests exercise boundary
cases where an accidental change would be most likely to invalidate that correspondence.

No multilingual size reduction or runtime percentage is needed to regenerate the
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principal P7 claims. Canonicalisation soundness and accepting-leaf domain extension are
mathematical consequences of the frozen algorithm; multilingual compression and latency
are separate empirical questions addressed elsewhere in the programme.

9.5 What P7 contributes to the programme

Table 9.1: The compiler claims are deliberately split by operation and scope.

Result Interpretation

Selection-preserving canonicalisation —representation sharing under the mode-specific semantic

signature

Relative minimality minimal only within the stated equivalent-subtrie DAG
representation class before contraction

Acyclic finite construction quotienting equal signatures does not introduce cycles

Accepting-leaf domain extension uniform command decisions become explicit for
previously unrepresented continuations

Complexity caveat the reference recursive signature construction is not

claimed to match optimal classical minimiser complexity

The chapter’s broader contribution is methodological: “compression” is not a sufficient
semantic description of a compiler transformation. Some reductions are observational
quotients; others deliberately change the domain of a decision. Once those two cases
are separated, the rest of the Radixor evidence can refer to the compiled model without
ambiguity about where generalisation entered the pipeline.
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Part 111

Measuring the Realised Policy
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Chapter 10

Evaluating Conflation as a Relation

Literal stem equality is a poor universal evaluation contract. Two systems may choose
different representative strings while grouping exactly the same forms; a lexical resource
may allow one surface form to belong to several legitimate groups; and a multi-output
analyser may not define one deterministic partition at all. The evaluation framework used
by the Radixor programme therefore starts from a pairwise relation rather than from exact
output labels.

The framework is the methodological core behind P3 (Galambos, 2026¢). It is also the
part of the monograph least tied to Radixor: once a system’s output is mapped to a declared
single-output or candidate-output policy, the counts depend only on the resulting relation
and the reference relation.

10.1 Reference covers can overlap

Let V be the evaluation vocabulary and let Gy, ..., G be lexical groups from a reference
resource. A form may occur in more than one group. The gold relation is therefore defined
directly on pairs.

Definition 10.1 (Overlapping reference relation). For distinct u,v € V,
R(u,v)=1 <= di:ueG NveGQG,.

No disjoint-partition assumption is made.

Gq Gy

v belongs to both groups. Hence (1, v) and (o, w) are positive reference
pairs even though no disjoint partition can represent both memberships.

Figure 10.1: The evaluation object is the union of within-group pair relations. A surface
form can participate in several groups without forcing an arbitrary disambiguation.

This choice avoids a conceptual error: applying an adjusted Rand index or other
partition metric after first forcing an overlapping resource into disjoint classes changes

57



10. Evaluating Conflation as a Relation

the reference object. The evaluation would then measure the arbitrary disambiguation
procedure as well as the stemmer.

10.2 Predicted relation and pairwise counts

For a deterministic single-output system with mapping h, the predicted pair relation is
P(u,v) = 1iff h(u) = h(v). Comparing P with R yields the four usual pairwise counts.

Definition 10.2 (Pairwise confusion counts). Over all unordered distinct pairs {u, v} C V:

TP = |{{u,v} : R =1,P =1},
FN = |{{u,v} : R=1,P =0}/,
FP = |{{u,v} :R=0,P =1}|,
TN = [{{u,v} : R=0,P =0}/

Reference-positive pairs are usually extremely sparse relative to all possible pairs. That
imbalance is why raw accuracy is nearly useless: a system that keeps almost everything
separate can obtain enormous pairwise accuracy while missing the relation the benchmark
was constructed to test.

The population unit in the confusion matrix is a pair, but the pairs are not independent
observations. They share forms, families and resource structure. Counts are exact de-
scriptive summaries of a finite relation; they must not be fed into an i.i.d. binomial test
as though every pair were an independent trial.

10.3 Metrics are views of the same finite counts

Table 10.1 records the principal scalar summaries used in the programme. The monograph
treats them as views, not as competing definitions of one true quality number.

Balanced accuracy is useful when a scalar is required because it does not let the huge
negative-pair population dominate raw accuracy. It is not a universal utility function. P3
therefore moves to the (OI, UI) plane before drawing comparative conclusions.

10.4 What the finite multilingual census shows about metric choice

The relation framework is not only a formal convenience. P3’s checked multilingual census
shows why the choice of scalar summary changes substantive comparative conclusions. In
the complete-resource matrices, reference-positive pairs are extremely sparse: the median
positive-pair density is only 0.0135%, corresponding to a median negative-to-positive pair
ratio of about 7,556. Raw pair accuracy therefore gives overwhelming numerical weight
to the negative class and can prefer a system for reasons almost unrelated to the reference
conflations that motivated the benchmark.

P3 recomputes comparator optima from the same finite pair counts under several scalars.
Relative to balanced accuracy, the set of tie-aware best non-Radixor comparators is disjoint
in 12 of 38 matrices for raw pair accuracy, 28 for positive-pair precision, 15 for Fy5, and
12 for both F; and Matthews correlation. These are not disagreements between datasets
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10.5. Candidate-aware outputs change the relation, not merely the score

Table 10.1: Metrics derived from the same pairwise counts. Undefined denominator cases
are reported as undefined, not silently replaced by zero.

Metric Formula Interpretation

Under-conflation UI FN/(TP+EN) fraction of
reference-positive
pairs missed

Over-conflation OI FP/(TN +FP) fraction of
reference-negative
pairs falsely joined

Balanced accuracy BA I[TP/(TP+FN)+TN/(TN + FP)] symmetric scalar
summary of the two
class recalls

Precision of positive pairs TP/(TP + FP) purity of predicted
conflations

Recall of positive pairs TP/(TP+FN) coverage of
reference conflations

Fg standard precision/recall harmonic weighting  explicit scalar

preference between
positive-pair
precision and recall

or implementations: they are different orderings of the same measured relation under
different utilities.

Table 10.2: P3 sensitivity summary over 38 comparative matrices. Counts report matrices in
which the best non-Radixor comparator set under the named scalar is disjoint from the set
selected by balanced accuracy.

Alternative scalar Disjoint best-comparator sets / 38
Raw pair accuracy 12
Positive-pair precision 28
Fos 15
F 12
Matthews correlation coefficient 12

This sensitivity result is one reason the monograph refuses to identify “stemming
quality” with a single scalar. Balanced accuracy is a useful class-balanced view, but Pareto
dominance in Chapter 11 is the comparison that does not require a prior exchange rate
between false splits and false merges.

10.5 Candidate-aware outputs change the relation, not merely the score

P3 also evaluates systems that expose more than one candidate analysis. The complete-
resource candidate-aware census contains 31 language—system units. Activating all avail-
able candidates improves Fy5 in 29 of those units and worsens it in two. This trajectory
is constrained rather than arbitrary: admitting more candidates can only add predicted
positive relations under an intersection-based candidate policy, so recall-like behaviour
tends to improve while false merges can accumulate.
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10. Evaluating Conflation as a Relation

The result is useful because it separates two questions that are often collapsed. A
multi-output analyser can contain potentially useful evidence that its primary output
does not expose, yet the policy used to turn those candidates into pair relations still
determines whether that evidence is beneficial. The scorer must therefore declare both
the candidate-generation system and the output policy under which candidates become
retrieval-equivalent.

10.6 Output policy must be declared

A multi-output analyser complicates the predicted relation. Suppose system A(w) returns
a candidate set rather than one key. Several reasonable policies exist: use the first candi-
date, use a preferred candidate, treat any shared candidate as evidence of conflation, or
score a trajectory as more candidates are admitted. These policies are not algebraically
interchangeable.

The tempting ANY_CANDIDATE rule—declare u and v related whenever A(u) N A(v) # @-
can fail transitivity. For example, A(u) = {a}, A(v) = {a,b} and A(w) = {b} make u
related to v and v related to w but not u to w.

Proposition 10.3 (Candidate overlap need not define an equivalence relation). The relation
u ~viff A(u) N A(v) # @ is reflexive and symmetric for non-empty candidate sets but need not
be transitive. It therefore cannot in general be represented by one deterministic partition, although
its pairwise confusion counts remain well-defined.

This is another reason to keep the evaluation at the relation level. Pairwise comparison
remains valid even when the predicted relation is not an equivalence relation.

10.7 Comparison rules before statistics

The programme uses three rules before any scalar interpretation.

Same population. Two candidates can be compared only when their TP, FP, FN, TN
counts refer to the same vocabulary and the same reference pair universe. Missing outputs
must be handled by a declared policy rather than by silently changing the denominator.

Same output contract. Deterministic outputs and candidate-set semantics are reported
separately unless an adapter makes the relation contract identical.

Exact ties remain ties. When two candidates collapse to the same aggregate error vector,
the comparison records that equivalence instead of inventing a ranking from implementa-
tion labels.

Those rules are what make Chapter 11’s dominance relation interpretable.

10.8 Inference follows the experimental unit

Because the pair counts share forms and groups, uncertainty should be attached to the
unit that was sampled or perturbed: lexical family, resource, seed, query, or another
design-level cluster. The current studies mostly report exact finite-population counts
and descriptive cross-resource summaries. When inferential intervals are added, C6 in
Chapter 18 recommends cluster-aware resampling rather than pairwise i.i.d. tests.
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10.9. Why the scalar is postponed

Interpretation boundary. A high agreement score against a lexical resource is evidence of
agreement with that declared resource policy. It is not automatically evidence of linguis-
tic truth or retrieval effectiveness. Conversely, a retrieval gain can justify a task-specific
policy without proving that the policy is a better linguistic lemmatisation. The three reg-

isters remain distinct.

10.9 Why the scalar is postponed

Once Ul and Ol are explicit, a candidate can be worse on both, better on both, or trade
one error for the other. Only the first two cases admit an exchange-rate-free ordering.
Chapter 11 therefore begins with Pareto dominance, adds recursive strata, and introduces
an explicit pair-cost ratio only after the non-dominated geometry is visible.
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Chapter 11

Pareto Geometry of Conflation Errors

Any scalar stemmer score embeds an exchange rate between two qualitatively different
mistakes: failing to join forms the reference groups together and joining forms the reference
keeps apart. That exchange rate may be useful for a particular application, but hiding it
inside one headline number makes method comparison look more objective than it is.

P3 (Galambos, 2026¢) therefore analyses candidates first in the (OI, UI) error plane. It
uses dominance to identify unconditional inferiority, recursive fronts to summarise depth,
qualitative regimes to interpret positions on the front, and exact support intervals to show
which frontier points are optimal under some positive linear pair-cost ratio.

11.1 Dominance is the comparison that needs no exchange rate

Definition 11.1 (Pareto dominance). Candidate 4 dominates candidate b when
Ol, < Ol Ul, < UL,
with at least one strict inequality.

A dominated candidate is worse on one error axis and no better on the other. No
assumption about the relative cost of the errors is needed. Non-dominated candidates are
different: choosing among them requires an application preference or another objective.

Definition 11.2 (Recursive Pareto strata). Stratum 1 is the non-dominated subset of candi-
date set S. Remove it; stratum 2 is the non-dominated subset of what remains. Continue
until every candidate has a stratum index.

This is non-dominated sorting used as an evaluation summary (Deb, 2001). Depth is
conditional on the candidate set, not an intrinsic property of a system. Add a strong new
candidate and several existing systems can move to a deeper stratum without changing
one output.

11.2 The measured candidate set has four strata

In the checked P3 snapshot, 190 deterministic implementation rows collapse to 174 distinct
aggregate error vectors. Those vectors occupy four recursive Pareto strata containing 40, 97,
27 and 10 vectors. The collapse is itself an important warning: distinct implementations or
settings can become identical at the aggregate-error level even when their per-form outputs
differ.
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Figure 11.1: Schematic illustration of non-dominated fronts. Point locations are explanatory,
not measured values.

Proposition 11.3 (Aggregate error equivalence is weaker than output equivalence). Two
systems can disagree on individual form pairs while having identical (TP, FP,FN, TN) counts.
Equality of aggregate error vectors therefore does not imply equality of the predicted relation.

The candidate-level analysis is nevertheless useful because it answers a specific question:
which measured systems are unconditionally inferior on both error rates, and how many
non-dominated fronts separate them from the current frontier?

11.3 Radixor shifts the within-reference frontier

The strongest empirical result in P3 concerns the primary ALL_WORDS view. Across all 19
languages for which comparator systems are available, Radixor is the sole stratum-1 error
vector and has both fewer false-negative reference pairs and fewer false-positive reference
pairs than all 75 comparator implementation rows (69 distinct comparator error vectors).
The nested lowercase-only view reproduces the same component-wise ordering for its 75
comparator rows.

That result is stronger than a scalar win because it is strict two-axis dominance, but its
margins are asymmetric. Table 11.1 reports the nearest-comparator gaps summarised over
the 19 complete-resource matrices. The under-conflation advantage is uniformly substantial
in rate terms, whereas the over-conflation ordering is numerically thin in a few matrices.

Table 11.1: P3 complete-resource Radixor margins over 19 comparative matrices. Small OI

margins are reported explicitly because strict dominance should not be rhetorically detached
from annotation uncertainty.

Nearest-comparator gap Minimum Median

FN pairs 1,237 85,841
Ul percentage points 2.197 21.992
FP pairs 3 4,263
Ol parts per million 0.000211 0.863

The same-resource boundary is essential. Radixor is induced from the lexical resource
family that defines the evaluated relation, whereas most comparators are not. The finding
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11.4. Frontier position has different meanings

therefore demonstrates very strong adaptation to the declared inflectional policy; it is not
independent evidence of universal linguistic superiority on derivational, contextual, or
task-specific gold standards.

11.4 Frontier position has different meanings

A non-dominated point can occupy a recall-heavy edge, a specificity-heavy edge, a sup-
ported interior compromise, or an “unsupported” efficient location that is never optimal
for the particular linear cost family introduced below.

Table 11.2: The labels describe position relative to the measured frontier and one declared
linear pair-cost family; they are not universal quality grades.

Regime Meaning
Recall edge low Ul at the price of higher OI
Specificity edge low OI at the price of higher Ul

Supported compromise frontier point optimal for a non-empty interval of positive linear
pair-cost ratios
Unsupported efficient ~ frontier point optimal for no positive ratio in that linear family

The term “unsupported” must be read literally. It does not mean irrational, bad, or
unusable. A non-linear utility, a third objective, a hard constraint or a deployment-specific
preference can select the point. It means only that no member of the one-parameter linear
pair-cost family makes it the minimum among the current candidates.

P3 makes these regimes empirical rather than merely schematic. Among the 97 stratum-
2 error vectors, 30 are recall edges, 30 specificity edges, 20 supported compromises, nine
unsupported-efficient points, and eight single-point fronts. A recursive Pareto depth
therefore does not define one homogeneous “runner-up” class.

German provides a concrete cost interpretation after the dominating stratum-1 point is
removed. Under C, = pFN + FP, German Minimal is selected for 0 < p < 0.0659, direct
Snowball for approximately 0.0659 < p < 0.700, and CISTEM for p > 0.700. The ordering is
not a ranking of implementation quality: it is an explicit map from an application’s relative
cost of false splits and false merges to the preferred point on that conditional frontier.

Table 11.3: Exact support intervals reported by P3 after conditioning on the German second

stratum.
System Regime p support
German Minimal  specificity edge (0,0.0659]
Snowball direct ~ supported compromise [0.0659, 0.700]
CISTEM recall edge [0.700, o0)

The implementation-category profiles reinforce the same point. In the complete-resource
view all 20 Radixor vectors are in stratum 1; all seven minimal-filter vectors are in stratum
2, six at the specificity edge; Snowball language stemmers span strata 2—4; Hunspell places
six of eight vectors in stratum 2; and Morfologik places two of three there. These profiles
describe how particular implementations interact with the declared reference policy, not
immutable quality grades attached to software families.
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11. Pareto Geometry of Conflation Errors

11.5 Making the exchange rate explicit

Definition 11.4 (Linear raw pair cost). For p > 0, define
Cp = pFN + FP.

p states how many false merges are considered equivalent to one false split in raw pair-count
space.

Because all candidate costs are affine functions of p, the set of ratios for which one
candidate is optimal can be computed exactly from pairwise line intersections.

Proposition 11.5 (Exact support intervals). For a finite candidate set evaluated on one common
pair universe, the set of p > 0 for which candidate a minimises C, is an interval, possibly empty or
unbounded. Its endpoints are determined exactly from the integer (FN, FP) counts.

Algorithm 11.1: STRATIFY(S) — dominance depth and linear-cost support

Input: finite candidate set S with common-universe pair counts
Output: stratum and, for first-front points, cost-support interval
1 R+ S;i+1;
2 while R # @ do
3 F < candidates in R dominated by no member of K;
4 assign stratum 7 to every member of F;
5 R+ R\Fi<+i+1;
6 foreach a in stratum 1 do
7 intersect the half-lines defined by C,(a) < C,(b) forallb € S;
8 classify the resulting interval as recall-edge, specificity-edge, supported compromise, or unsupported;

The support calculation makes the scalar assumption auditable. A paper that selects
p = 1 has chosen an exchange rate; it has not discovered a neutral one. The ratio must also
be interpreted together with the imbalance of the positive and negative pair populations
from which FN and FP were counted.

11.6 Candidate-set dependence is measured, not hidden

P3 explicitly perturbs the candidate set. After removing one non-Radixor error vector, 551
of 592 retained-vector assignments remain unchanged and 41 improve by one stratum. The
result illustrates both stability and relativity: most assignments survive the deletion, but
the affected candidates move even though their outputs do not.

The study also compares two nested processing modes; stratum identity is preserved
for 88 of 95 implementation-language units. Again, the correct interpretation is descriptive
stability under the tested perturbation, not an intrinsic immutable grade.

Interpretation boundary. Pareto stratum, regime and support interval are conditional on
the language, reference relation, output-policy adapter, processing mode and candidate
set. They summarise a declared comparison. They should never be quoted as if they
were properties attached permanently to a software package.

66
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11.7 Why an external floor is still needed

A candidate-relative framework benefits from a reproducible weak baseline. Paice’s
truncation-relative work supplied such an anchor in a different scalar form (Paice, 1994).
The present Pareto analysis should include a simple length-truncation family-and poten-
tially a character-n-gram normalisation reference-so that future candidate additions do not
leave the frontier without an explicit low-information floor (Mayfield and McNamee, 2003).

That baseline is C3 in Chapter 18. More importantly, C4 applies the entire framework to
external stemmer families. Only that experiment can show whether the strata and regimes
are a useful field-level resource rather than merely an elegant description of the current
candidate set.
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Chapter 12

Generalisation Beyond Enumerated Lexical
Families

Compiler semantics can show that a command decision extends to an unseen continuation;
it cannot show that the decision is linguistically useful. P1 (Galambos, 2026a) supplies
the missing empirical test. Its central question is deliberately narrow: when entire lexical
families are excluded from model construction, can transformations induced from the
remaining families recover canonical targets for changed surface forms that were not
present in the training-surface set?

The distinction between “unseen form” and “unseen family” is decisive. A protocol
that hides one inflected form but leaves sibling forms of the same paradigm in training
measures near-neighbour completion. P1 instead removes families atomically and adds
explicit surface-leakage control.

12.1 Protocol: family-level holdout

The study uses 20 UniMorph-derived language resources. For each resource, five determin-
istic family rankings define nested coverage conditions from 10% through 90%. A family
and all of its variants are either available for construction or held out together. The protocol
yields 1,000 nominal resource—seed—coverage scenarios, of which 900 contain a non-empty
primary evaluation population.

Algorithm 12.1: Family-holdout evaluation used by P1

Input: lexical families F; deterministic ranking seed s; coverage k
rank families in F using the frozen deterministic procedure for s;
Fiyain < first k proportion of families;
Fiest < F \ Firain;
construct the model from all rows in Fy,4iy;
Strain < set of all surface strings occurring in Fygi;
foreach changed surface w in Fiest do
retain w in the primary scope only if W & Stpain;
execute the trained model and compare with the held-out target;

® g9 S U Rk WN =
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aggregate within the declared resource, seed and coverage strata;

The surface exclusion matters because lexical resources can contain the same string in
more than one family. A family may be held out while one of its surface strings remains
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12. Generalisation Beyond Enumerated Lexical Families

visible elsewhere. Counting that occurrence as unseen would overstate transfer.

The same mechanism also imposes a measurable ceiling on exact recovery. If a surface
string occurs only in held-out families but is paired there with more than one distinct
target, then no deterministic context-free analyser can be correct on every such occurrence
simultaneously. P1 therefore speaks carefully of held-out lexical families rather than implying
that the protocol reconstructs fully disambiguated morphological paradigms. The aim is to
measure transferable transformation behaviour under controlled leakage, not to attribute
every residual error to a failure of the command formalism.

12.2 Three evaluation scopes

P1 retains multiple scopes so that the effect of increasingly strict leakage control is observ-
able rather than implicit.

Table 12.1: Only the final row is the primary transfer estimand. The broader scopes remain
useful diagnostics because they show what each restriction removes.

Scope Population Interpretation

held-out all forms in held-out families family holdout without controlling
surface reuse

changed held-out forms whose target differs removes trivial identity mappings

from the surface
unseen changed changed held-out forms whose surface  primary evidence for transfer beyond
string never occurs in training exact membership

held-out lexical families

exclude identity targets; retain only cases in which the
canonical target differs from the surface

changed forms

w £ v

exclude any held-out occurrence whose literal surface
string is still present in the training inventory

unseen changed forms
surface absent from training inventory

Figure 12.1: The primary “unseen changed” population is obtained by successively remov-
ing trivial identity targets and any held-out occurrence whose literal surface string is still
present in the training inventory.

12.3 Result: measurable within-resource transfer

At 10% training coverage, the resource-macro mean exact recovery on unseen changed
forms is 60.49%; at 90% coverage it is 69.07%. The corresponding across-resource medians
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12.4. What the study does not establish

are 63.72% and 70.44%. All 20 resource medians are higher at the 90% endpoint than at the
10% endpoint, with a median descriptive endpoint difference of 7.76 percentage points.

The result rejects the “compressed lookup table” interpretation. Under family-level hold-
out and exact-surface leakage control, a model induced from one set of lexical families
applies learned patch-command behaviour successfully to many changed forms from
families that did not participate in construction.

The measurement is stronger than simply observing non-identity output on OOV words,
but weaker than an out-of-domain linguistic generalisation claim. The training and test
material come from the same resource framework and are predominantly inflectional. The
increasing endpoint numbers also do not by themselves identify a causal learning curve,
because the test population changes as coverage changes.

12.4 What the study does not establish

P1 does not compare Radixor with a trivial suffix baseline on the same held-out families.
It therefore measures transfer in absolute terms but does not yet say how much of that
transfer requires the full patch-command machinery. It also does not use an independent
lexical source for testing, and it does not measure retrieval. Those gaps are explicit rather
than defects hidden in terminology.

A particularly important open design is a fixed-test learning curve. Choose one eval-
uation family set, keep it fixed, and increase only the training families. That experiment
would separate the effect of additional training evidence from changes in the composition
of the held-out population. It is listed as C7 in Chapter 18.

Interpretation boundary. “Generalisation” in this chapter means within-resource transfor-
mation transfer to held-out lexical families under the specified leakage controls. It does
not mean contextual disambiguation, transfer to an independent dictionary, derivational
coverage beyond the source resources, or downstream retrieval effectiveness.

12.5 Why the result matters to the programme

The formal compiler result in P7 and the empirical holdout result in P1 answer different
halves of one question. P7 shows how a compiled decision can extend beyond enumerated
paths. P1 shows that this extension is not vacuous: it recovers many withheld targets across
20 resources. The combination is the basis for calling the system lexicon-trained without
calling it lexicon-bound.
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Chapter 13

Runtime Cost of the Compiled Policy

A learned normaliser can be scientifically interesting and still be unusable in an analyser
hot path. P5 (Galambos, 2026e) therefore treats runtime as a separate empirical object
rather than inferring it from trie depth, dictionary size or asymptotic intuition. The study
asks three questions: what execution cost is observed across the 20-resource census, how
does that cost compare with Snowball under the frozen benchmark workload, and which
structural quantities track the measured latency most closely?

13.1 Measured execution envelope

Under the canonical Java benchmark configuration, per-occurrence execution cost ranges
from 42.8 to 150.6 ns across the 20 resources, with an unweighted resource median of 67.8
ns. These are benchmark measurements, not universal hardware constants. The workload
is intentionally controlled so that the structural comparisons are interpretable.

min 42.8 median 67.8 max 150.6
O O O

| | | | | |
40 60 80 100 120 140 160

nanoseconds per occurrence

Figure 13.1: Published canonical execution range across the 20-resource benchmark census
in P5. The points describe the frozen workload and should not be read as portable machine-
independent timing constants.

13.2 Direct Snowball comparison

P5 includes 18 language comparisons for which a Snowball implementation is available
under the study’s mapping. The median Radixor/Snowball throughput ratio is approx-
imately 2.33 x under one reported policy and 2.57 x under the other. The comparison is
useful because it demonstrates that a lexicon-trained compiled transformation engine need
not pay an obvious online penalty for having learned from a large resource.
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13. Runtime Cost of the Compiled Policy

It does not establish a universal “fastest stemmer” claim. The two systems have differ-
ent implementation histories, language coverage, policy semantics and memory layouts.
Benchmark results are workload- and platform-dependent. The scientifically reusable result
is the measured envelope and the fact that Radixor’s online work remains small despite
potentially large training resources.

P5 also defines a robustness check across its two prespecified Radixor timing denomina-
tor policies. Seventeen of the 18 direct Snowball comparisons remain Radixor advantages
under both policies; Finnish is the sole parity case, with overlapping score-error ranges
around the two point estimates. This “17 stable advantages plus one parity” statement is a
deterministic summary of one frozen campaign, not a significance test.

A separate resource-wide relation audit reports higher Radixor balanced accuracy in
every matched direct-Snowball comparison against the declared resource relation. That
result is deliberately not merged with the timing sample: the quality audit uses a different
population and a reference related to Radixor’s training data. Its role is narrower—to show
that the observed runtime advantage is not obtained by simply moving to a systematically
weaker operating point under that particular intrinsic reference.

Table 13.1: Headline measurements from P5.

Quantity Published observation

Canonical Radixor execution 42.8-150.6 ns/occurrence; median 67.8 ns
across 20 resources

Direct Snowball comparisons 18 language comparisons

Median throughput ratio about 2.33x and 2.57 x under the two reported

policy views
Spearman association: internal nodes vs runtime p = 0.931
Spearman association: training rows vs runtime  p = 0.723

13.3 Training size and online structure are different quantities

The most informative structural result is not the raw speed ratio but the association pattern.
Across the resource census, compiled internal-node count has Spearman p = 0.931 with
runtime, whereas training-row count has p = 0.723. This is consistent with the architecture:
training examples are an offline input, while runtime traverses the compiled representation.

The benchmark supports a representation-centred explanation of online cost: compiled
structure is more closely associated with measured runtime than the number of lexical
rows from which that structure was learned.

That statement must remain descriptive. Node count and training size are correlated,
the resource census is small, and no intervention independently varies one while holding
the other fixed. The study therefore does not identify a causal coefficient saying how many
nanoseconds one additional node costs.

The resource ordering illustrates why compilation is the relevant intermediate layer.
English has 396,939 training rows but compiles to 30,868 internal nodes and runs at about
80.8 ns/occurrence; German has only 54,092 training rows but compiles to 81,363 internal
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nodes and runs at about 150.6 ns/occurrence. The compiler has substantially reordered
lexical-resource scale before runtime is measured. P5 further reports that the internal-node
association remains stronger than the training-row association under every one-resource
deletion, so the contrast is not created by a single extreme language in the 20-resource
census.

13.4 Runtime is not a proxy for lexical quality

P5 also examines a speed-reference-agreement envelope rather than assuming that smaller
or faster models are automatically better. This is important for the programme’s logic. P2
can reduce structural vocabulary; P6 can remove unsupported complexity; the compiler
can share equivalent subgraphs. None of those operations is licensed by runtime alone.
Quality constraints remain separate.

The correct systems question is consequently multi-dimensional: can a policy be realised
with acceptable relation error, compiled into a manageable structure, and executed within
the analyser’s latency budget? The nine-study programme addresses those dimensions
with separate experiments rather than collapsing them into one score.

Interpretation boundary. The benchmark sweeps a controlled type-oriented workload.
Natural document streams have frequency skew, cache effects, tokenisation costs and
pipeline interactions that are not represented by a uniform type sweep. P5 establishes
runtime feasibility and descriptive structural association under its frozen workload; C5
in Chapter 18 asks whether the conclusions transfer to realistic token-frequency distribu-

tions.

13.5 Why runtime closes the measurement part

By the end of Part III the policy has been studied as a relation, as a multi-objective error
point, as a transformer of held-out lexical families, and as an executable runtime object. The
next question is therefore no longer whether the standard policy can be characterised. It
is whether the policy can be changed deliberately while the mechanism remains fixed. That
shift from measurement to intervention begins in Chapter 14.
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Part IV

Adapting the Policy to Retrieval
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Chapter 14

A Controlled Test of Policy Learnability

Calling the training relation a “policy” is meaningful only if changing that relation can
change the realised conflation behaviour while the transformation mechanism remains
fixed. P4 (Galambos, 2026d) provides that controlled experiment. It uses two German
CISTEM gold standards that differ in how aggressively they group forms, trains the same
Radixor mechanism from each, and asks whether the output relation moves in the direction
implied by the changed reference.

The experiment is intentionally modest. It does not establish that arbitrary policies can
be learned in arbitrary languages. Its value is identificational: it holds architecture fixed
and changes the target relation, which isolates a capability that default-vs-default stemmer
comparisons cannot observe.

14.1 A nested policy contrast

The public CISTEM material supplies two reference partitions. GS1 is broader and more
derivation-friendly; GS2 is more conservative and lemma-oriented. On the common unam-
biguous universe used by P4, GS2 strictly refines GS1. That nesting creates a directional set
of pairwise “switches”: pairs joined under GS1 but separated under GS2.

Because the public files preserve class membership but not the original CELEX-derived
target strings from which the classes were built, P4 treats the partition itself as the policy.
Three deterministic class-to-target encodings are used as a nuisance-factor sensitivity check.
The target string is thus a construction device; the estimand remains the induced relation.

14.2 The architecture is held fixed

The experiment uses deterministic five-fold component cross-fitting. Training and test units
are separated at the connected-component level so that the pair relations being evaluated
are not trivially reconstructed from the same component in training. The same Radixor
learning and runtime mechanism is used for both policy conditions. The experimental
contrast is therefore not “Radixor vs another stemmer” but “Radixor trained to realise
policy A vs the same mechanism trained to realise nested policy B”.
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mechanism held fixed
/—/%

GS1 policy same learner realised relation
broader relation cross-fit fold Pgs1

GS2 policy same learner realised relation
refined relation cross-fit fold Pgsa

Figure 14.1: The causal contrast in P4 changes the declared training relation while keeping
the learning and runtime mechanism fixed. The question is whether the realised relation
moves with the policy.

14.3 Result: small, directional policy response

P4 reports a positive policy-aligned effect. The primary effect is small-the policy-switch
region is sparse, on the order of 0.61% in the primary medoid view-but its direction is
the important part. Training on the conservative policy makes the system more likely to
separate pairs that the conservative reference separates; training on the broader policy
makes it more likely to join the corresponding pairs.

Under a fixed transformation engine, changing the reference partition changes the
learned relation in the corresponding direction. The experiment therefore supports policy
learnability: part of what a stemmer does can reside in training data rather than being
inseparable from the algorithm.

The magnitude should not be inflated rhetorically. The experiment contains one lan-
guage and one nested policy axis, and the switch population is small. P4 is strong evidence
for the existence of policy-conditioned behaviour, not a population estimate of how much
any future domain policy will move a model.

14.4 Why the result is different from ordinary tuning

Hyperparameter tuning changes how one mechanism fits a fixed target. P4 changes the
target itself. This distinction matters because two search systems can prefer different
conflation objectives even when both are implemented by the same code. One application
may prefer conservative lemma-like groupings; another may prefer derivation-friendly
conflation to increase candidate recall. If the mechanism can learn both, “the stemmer” is
no longer a single relation. It is a family of relations indexed by policy evidence.

This observation also reframes historical stemmer comparisons. A fixed Snowball
implementation represents one carefully designed operating point. A lexicon-trained adapt-
able system exposes additional degrees of freedom. The fair question is not automatically
whether its default model beats Snowball’s default. It may instead be whether each system
is compared at the policy and information budget permitted by the deployment.
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14.5. From learned policy to deployable policy

Interpretation boundary. P4 does not show that a policy learned from CISTEM transfers to
retrieval, nor that the learned policy is preferable for users. It shows that a fixed mech-
anism responds to a changed lexical objective. Retrieval consequences are a separate
experiment in Chapter 16.

14.5 From learned policy to deployable policy

P4 establishes that policy information can affect the learned relation, but it still rebuilds
from policy-specific training data. Production adaptation asks for a stronger capability:
start from a standard compiled model, express positive and negative policy changes, rebuild
the executable structure, and check that the resulting memberships are exactly what the
deployment intended over a declared vocabulary. That operational problem is the subject
of P9 (Galambos, 2026i) and the next chapter.
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Chapter 15

From Policy Edits to a Verified Deployment

A configurable stemmer is not automatically an auditable one. Adding an exception list
may make named words behave as desired while leaving the model’s generalised rules free
to pull other words into the same output class. The resulting policy is then known only at
the edited examples, not over the vocabulary that will actually be indexed.

P9 (Galambos, 2026i) turns adaptation into a two-sided contract. Positive assignments
state memberships that must be created or redirected. Negative boundaries state mem-
berships that must not arise. The adapted model is then compiled and checked against
an observed inventory. This chapter separates those three stages—expression, realisation
and verification-because treating them as one “customisation” step hides the failure mode
measured in the study.

15.1 A standard model is a substrate, not a ceiling

Let Hy denote the standard compiled policy. An adaptation set contains positive assign-
ments and protected non-memberships.

Definition 15.1 (Adaptation set). For a declared observed vocabulary V, an adaptation set is
A= (A", A7) where A" contains required surface-to-output assignments and A~ contains
prohibited class memberships or equivalent negative boundary statements. Applying A
produces a new compiled model H 4 whose realised relation is subsequently checked on V.

The definition deliberately scopes exactness to V. No finite verification can prove the
behaviour of every possible future string in £*. A model that passes closure today may
need re-verification when the deployment vocabulary grows materially.

15.2 Positive assignments are only half of the policy
A positive edit says that a named form should map to a chosen class. In a rule-generalising
engine, that edit can also change the command selected for other forms sharing the relevant

context. Some of those additional memberships may be desirable; others may violate the
intended class boundary.

83



15. From Policy Edits to a Verified Deployment

Positive evidence says who must enter.

protected output class egative evidence says who must stay out.

Both are checked after compilation.

forbidden

Figure 15.1: A deployable policy specifies both memberships that must be realised and
boundaries that generalisation must not cross.

15.3 The measured reason closure is necessary

The English MIRACL development case shared by P8 and P9 provides a concrete failure
of positive-only reasoning. After the intended positive assignments were installed, the
unsealed realisation admitted 11,291 unintended surfaces to protected outputs. Those
extra surfaces are not all equally important for retrieval, but their existence is enough to
invalidate the claim that verifying only the edited words verifies the policy.

In the reported case, all explicitly edited words could be correct while the compiled
relation was still wrong over the observed vocabulary. The measured 11,291 unintended
surfaces make post-compilation closure a correctness requirement, not a defensive pro-
gramming preference.

The sealing procedure adds negative barriers, recompiles, and repeats the audit until
the protected-class membership reaches a fixed point over the checked inventory. Two
fixed points must be distinguished: a lexical-policy fixed point, where no further protected
membership violations are found, and a retrieval fixed point, where the downstream
ranking objective would no longer benefit from another policy edit. P9 establishes the
former; P8 analyses one selected development outcome related to the latter.

Algorithm 15.1: Two-sided adaptation with observed-vocabulary verification

Input: standard model Hy; positive assignments AT negative boundaries A~ ; observed inventory V
H < reopen Hj as an editable policy substrate;
install all assignments in A™;
install all currently known boundaries in A~}
repeat
compile H;
execute H over every w € V and materialise output-class memberships;
identify unintended memberships of protected classes;
encode the required negative barriers and add them to H;
until no protected membership changes;
verify all required positive assignments and all protected negative boundaries;
return compiled policy H 4 plus verification record;

© 0 NS Ul R W N =
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15.4 Representation, learning and deployment fidelity

P9 introduces a useful three-way distinction that clarifies several earlier claims in the book.
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15.5. Comparison with later configurable mechanisms

Representational capability asks whether the instruction language can express a desired
transformation at all. Proposition 4.2 is a representational statement.

Learning capability asks whether the induction process selects that transformation
from available evidence. P1, P2, P4 and P6 operate largely at this level.

Deployment fidelity asks whether the compiled model actually realises the intended
classes over the inventory being deployed. The closure audit in P9 is a deployment-fidelity
test.

A system can be expressive enough but fail to learn a relation; it can learn the named
examples but compile a relation with unintended neighbours; or it can realise the intended
relation and still fail to improve retrieval. Keeping these levels separate prevents one
successful demonstration from being used as evidence for another.

15.5 Comparison with later configurable mechanisms

P9 also revisits the historical action language. XSTEM’s native terminal cut-and-append
action is contained in the older Egothor patch executor, while a single patch can preserve
source characters between separated edits (Baker, 2022; Galambos, 2001). CSTlemma
and LemmaGen provide distinct later rule-learning mechanisms (Jongejan and Dalianis,
2009; Jursic¢ et al., 2010). The correct conclusion is not that Radixor is the first system ever
to support every kind of customisation. Earlier and later systems expose overlapping
capabilities in different ways.

Table 15.1: Selected technical dimensions of later configurable mechanisms. No overall
ranking is implied: tasks, information budgets and deployment contracts differ.

System Terminal action Separated edits Learned? Deployment
distinction

Egothor/Radixor cut + append included yes yes P9 adds explicit
positive/negative

installation and
vocabulary closure

XSTEM cut + append not as one native action exemplar-derived configurable examples;
different verification
contract

CSTlemma suffix-style actions captured-span rewrites yes contextual,
lemmatisation-
oriented rules

LemmaGen induced rewrite rules  rule-dependent yes lemmatisation
objective; distinct rule
formalism

Interpretation boundary. The comparison concerns documented native transformation
mechanisms and the explicit verification workflow studied here. It does not establish
that other systems cannot be wrapped, extended or retrained to realise an equivalent
finite-domain mapping. Equal-budget predictive and runtime comparisons remain empir-
ical questions.
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15. From Policy Edits to a Verified Deployment

15.6 The bridge to retrieval

At this point the programme has an adapted policy whose compiled realisation is checked
over a declared vocabulary. Only now is a downstream effectiveness comparison inter-
pretable as evidence about that realised policy. This ordering is critical: without P9, P8's
retrieval gain could be attributed to a set of named edits while the actual class memberships
remained unknown. Together the two papers form one deployment case with two analytical
responsibilities—P9 owns the realisation contract, and P8 owns the retrieval analysis.
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Chapter 16

Where Retrieval Quality Goes

Intrinsic lexical evaluation tells us whether a realised relation agrees with a reference. Search
users, however, encounter a ranked list produced by a retrieval model whose statistics
are themselves changed by lexical conflation. P8 (Galambos, 2026h) therefore asks the
downstream question directly: when a Radixor policy is adapted for a retrieval objective
and installed as the verified policy described in P9 (Galambos, 2026i), what changes in the
ranking, and how should that change be interpreted?

The study is intentionally a development-set case, not an out-of-sample victory claim.
Its importance lies in demonstrating that policy is an operative search variable and that its
effect is conditional on ranker parameters, metric weights and ranking depth.

16.1 Experimental setting

The final case uses the English MIRACL development split: 799 queries over approximately
32.9 million passages (Zhang et al., 2023). A standard Radixor model, PyStemmer, and the
adapted/sealed Radixor policy are evaluated under a declared common BM25 operating
point. P8 also analyses a separate 164-evaluation BM25 response study. The two stages
must not be conflated: the response surface characterises scorer/objective sensitivity, while
the final adapted model is a selected development outcome.

The retrieval objective combines multiple metrics rather than declaring one cutoff
universally sufficient. This matches the policy thesis: aggressive conflation can improve
candidate recall at deeper ranks while changing lexical specificity near the top, so a stemmer
can move quality between parts of the ranked list rather than simply raising or lowering
one scalar.

16.2 Adaptation improves the standard model in the reported case

At the common scorer used for the final comparison, the sealed adapted policy improves
the standard Radixor dictionary on all five recorded mean metrics. The reported relative
gains include 3.667% in nDCG@10, 4.043% in Recall@100, and 5.340% in AP@1000. On the
study’s combined objective, the standard /default Radixor model is approximately 0.529014,
PyStemmer approximately 0.545684, and the sealed adapted model approximately 0.550119.
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16. Where Retrieval Quality Goes

Table 16.1: Selected headline results from P8 at the declared common scorer. They are
development-set outcomes from one English MIRACL case, not held-out generalisation

estimates.
Measure Reported adapted-vs-standard change
nDCG@10 +3.667%
Recall@100 +4.043%
AP@1000 +5.340%
Combined objective | standard ~ 0.529014, PyStemmer ~ 0.545684, sealed adapted

~ 0.550119
Other recorded mean metrics adapted model also higher at the common scorer

The default dictionary is not an upper bound on what the Radixor engine can realise
for a retrieval task. In the studied development condition, an explicitly adapted and
verified policy reverses the standard model’s ordering relative to PyStemmer on the
reported combined objective.

That result is stronger than saying that an exception list changed a few query terms: P9
verifies the realised class memberships over the observed inventory. It is weaker than saying
that the adaptation procedure will generalise, because the same development evidence
participates in selection and evaluation.

The full final table is useful because the gain is not confined to the three metrics used in
the composite objective. At the common k; = 1.125, b = 0.30 scorer, the sealed policy has
the largest observed mean on all five recorded metrics.

Table 16.2: P8 final means at the common scorer. Boldface marks the largest observed
development mean; it is not a held-out superiority claim.

Method nDCG@10 R@100 R@1000 AP@1000 MRR@10 ]
No stemming 0.339398  0.763944  0.884677 0.284580 0.393572  0.503734
Standard Radixor 0.357492  0.800485  0.912621 0.300742 0.410104 0.529014
PyStemmer 0.365427  0.829154  0.920418 0.313090 0.419755  0.545684
Sealed Radixor 0.370600 0.832846  0.921878 0.316801 0.424842  0.550119

The deployment stages also matter. The standard model has | ~ 0.529014; the positive-
only patch reaches approximately 0.545322; the sealed two-sided policy reaches 0.550119.
Sealing therefore recovers roughly 0.004797 objective units after the leakage audit. This
is a staged combined intervention, not a factorial estimate of independent positive- and
negative-edit effects: a negative-only model was not evaluated.

16.3 The aggregate gain is concentrated on a minority of queries

Mean improvements can hide where support for the change actually lies. P8 therefore
preserves paired query diagnostics for sealed Radixor minus PyStemmer. Most queries tie
numerically; the positive means are generated by a minority of changed cases.

The Recall@1000 mean, for example, changes on only two queries, both in favour
of the sealed model. The nDCG@10 difference is supported by 49 wins and nine losses
while 741 queries tie. These counts guard against reading a small positive aggregate mean
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16.4. Vocabulary reduction and query work do not explain the gain

Table 16.3: Descriptive P8 differences on the same 799 development queries used for policy
selection. W/T/L is wins/ties/losses. The intervals and nominal values are descriptive, not
selection-adjusted confirmatory inference.

Metric Mean difference W/T/L
nDCG@10 +0.005174 49 /741 /9
Recall@100 +0.003692 8/789/2
Recall@1000 +0.001460 2/797 /0
AP@1000 +0.003711 90 / 685 / 24
MRR@10 +0.005086 28 /764 /7

as a universal per-query improvement, and they motivate the document-level transition
analysis that the current archive cannot yet perform.

16.4 Vocabulary reduction and query work do not explain the gain

The final census separates policy effectiveness from simple notions of “stemming strength”.
PyStemmer produces the smallest output vocabulary, whereas sealed Radixor retains
181,867 more output terms (about 3.35%) and still attains the higher in-sample objective.
Mean deterministic query work is nearly unchanged between the two methods.

Table 16.4: P8 final structural summary. Posting and candidate counts are per-query means
and are work counts, not latency measurements.

Method Output vocabulary Posting entries Candidate docs
No stemming 6,046,958 41.160M 22.384M
Standard Radixor 5,782,800 41.747M 22.496M
PyStemmer 5,432,989 41.781M 22.514M
Sealed Radixor 5,614,856 41.762M 22.510M

Relative to PyStemmer, sealed Radixor evaluates about 0.045% fewer posting entries and
touches about 0.017% fewer candidate documents on average. The measured effectiveness
increase is therefore not explained by a materially larger deterministic candidate workload.
Conversely, a smaller vocabulary is not sufficient to predict the better retrieval objective.

16.5 The representation change is not one-dimensional

One of P8’s most informative diagnostics concerns aggregate index structure. The adapted
model produces a smaller output vocabulary than the standard model but a larger number
of unique term—document incidences. Under a simple partition view, pure merging can
only maintain or reduce the number of distinct term—document incidences: when two
terms already occur in the same document, their incidences collapse; otherwise they are
conserved. Pure splitting tends to increase vocabulary and can increase incidence counts.

Observing fewer output terms together with more incidences therefore excludes a
simple total ordering in which the adapted policy is merely “more aggressive” or “less
aggressive” everywhere. Some regions of the vocabulary are coarsened while others are
effectively refined or redirected.
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16. Where Retrieval Quality Goes

standard policy adapted policy
baseline vocabu- fewer output terms, more
lary and incidences term—document incidences

This combination is inconsistent with a pure
global merge-only or split-only ordering.

Figure 16.1: The aggregate direction of two index statistics proves that the adapted mapping
is not simply a globally coarser or globally finer version of the standard mapping under the
stated scalar semantics.

This observation helps explain why quality can move differently at different rank
depths. A policy change can simultaneously broaden some matches and restore specificity
elsewhere. “Aggressiveness” is therefore at best a local descriptor, not a complete coordinate
for an adapted conflation policy.

The preserved census makes the argument quantitative. Standard Radixor has 5,782,800
output terms and 1,501,142,516 full-corpus term—document incidences; the sealed policy
has 5,614,856 terms but 1,502,796,144 incidences. It has therefore removed 167,944 output
classes while adding 1,653,628 incidences. Under the shared scalar corpus semantics, pure
coarsening cannot increase incidence and pure refinement cannot reduce the number of
non-empty classes. The two realised partitions are consequently incomparable under
simple global refinement.

A second counter also warns against using rewritten-token percentage as a surrogate
for conflation strength. The fraction of token positions whose output string differs from the
input is about 27.18% for PyStemmer, 14.75% for standard Radixor, and 74.69% for sealed
Radixor. Relabelling can change that statistic without changing a class relation, so it cannot
identify how much of the sealed intervention is merging, splitting, barrier insertion or mere
output-label change.

16.6 The ranker optimum is endogenous to the policy

Stemming changes the term representation on which BM25 computes term frequency and
document frequency. Even when document length in tokens is unchanged, the distributions
entering term scoring change. It follows that the BM25 parameters preferred before a policy
intervention need not remain preferred after it.

Write the retrieval objective as

Q(Tf, 9/ d/m)/

where 77 is the lexical policy, 6 = (ki, b) the ranker configuration, d the query/document
population and m the metric or metric combination. Optimising 7t at a fixed 6y and then
discovering that the best 6 has moved is not paradoxical: the policy intervention changed
the statistics seen by the ranker.

The natural systems problem is consequently coupled:

(*,0%) € arg max Q(m,6;d,m).
7,

A coordinate-descent interpretation is possible-tune policy under a ranker, retune the
ranker under the new policy, and repeat-but P8 does not establish that such a procedure
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converges globally. It establishes the empirical premise that makes the coupled formulation
necessary.

16.7 The existing recall means locate where judged relevance moves

P8 derives an exact three-band accounting identity from the two reported recall cutoffs.
With query means denoted by bars,

P1:100 = R@lOO, P101:1000 = R@1000 — R@100, P>1000 = 1 — R@1000.

The arithmetic is exact for the reported means under a shared query set; the interpretation
as shares of judged relevance additionally assumes non-empty relevant sets for all included
queries. It is not a conservation law for nDCG, AP or utility.

Table 16.5: Macro-averaged shares in percent at the common BM25 point. The adaptive-
primary row is the earlier Step-2 policy and is not the final sealed model.

Method Ranks 1-100 101-1000 Beyond 1000
PyStemmer 82.915 9.126 7.958
Adaptive primary (Step 2) 80.838 11.088 8.074
Sealed Radixor 83.285 8.903 7.812

The earlier adaptive-primary policy has 2.077 percentage points less judged relevance
in the first 100 than PyStemmer, but 1.962 points more at ranks 101-1000. Much of its
Recall@100 deficit is therefore associated with relevant material remaining deeper in the
run rather than disappearing by rank 1000. The final sealed policy reverses the aggregate
first-band deficit: relative to PyStemmer it is +0.369 points in ranks 1-100, -0.223 in 101-1000
and -0.146 beyond 1000. These marginals do not reveal which passages moved; a true
rank-transition matrix requires paired document-level runs.

16.8 The preferred fixed policy depends on the declared objective

The earlier Step-2 compromise also permits an exact sensitivity calculation without retrain-
ing. Let

Jo = anDCG@10 + (0.9 — ) R@100 + 0.1 AP@1000, 0<a<09.

For the fixed adaptive-primary and PyStemmer runs, the sign of the objective difference
changes at approximately « = 0.8002. In other words, that earlier policy is preferred only
once the fixed objective assigns roughly 80% weight to nDCG, 10% to Recall@100 and 10%
to AP. At the study’s &« = 0.5, its recall deficit dominates.

The final sealed comparison is qualitatively different: its observed mean is higher than
PyStemmer on all five reported metrics. Consequently, for these already-selected fixed runs,
every non-negative weighted sum of the five reported means with at least one positive
weight favours the sealed model. This is a robustness statement about the observed means,
not evidence that a policy retrained under arbitrary weights would generalise or remain
optimal. The declared | gain over PyStemmer decomposes approximately 58.3% from
nDCG@10, 33.3% from Recall@100 and 8.4% from AP@1000.

91



16. Where Retrieval Quality Goes

16.9 Different depths answer different product questions

Top-ranked precision and deeper candidate recall serve different stages of a modern search
pipeline. A top-10 metric approximates what may be presented directly to a user; Re-
call@100 or AP@1000 can matter more to a second-stage reranker or a retrieval-augmented
generation pipeline. The appropriate conflation policy can therefore depend on where in
the pipeline lexical normalisation is used.

This is the conceptual meaning of the title Where Retrieval Quality Goes. A policy
intervention can redistribute useful evidence across the ranked list. Reporting only one
cutoff can make that redistribution invisible and can turn a trade-off into an apparent
contradiction across studies.

Interpretation boundary. P8 is an in-sample development experiment. It establishes a
realisable policy intervention and a policy—ranker interaction on English MIRACL de-
velopment data. It does not estimate held-out effectiveness of the adaptation procedure,
multilingual transfer, or a universal optimum. P8 and P9 share one experimental case
and must not be counted as independent replications.

16.10 The decisive next retrieval experiment

The strongest next test is matched-budget, out-of-sample and multilingual. Policy con-
struction and BM25 selection should be performed exclusively on a training/development
partition; the resulting policy and ranker should then be frozen before evaluation on held-
out queries. Competing adaptive methods should receive the same supervision budget and
the same opportunity for ranker tuning. The design is recorded as C2 in Chapter 18.

Until that experiment is run, the correct conclusion is methodological: a comparison
between default stemmer dictionaries is not automatically a comparison between attainable
family-level policies, and the effect of a policy cannot be separated from the ranker and
objective under which it is measured.
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What the Programme Establishes
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Chapter 17

What the Nine Studies Establish Together

A collection of experiments becomes a research programme only when the individual claims
constrain one another. The nine Radixor studies do not form a simple sequence in which
each paper adds one feature. They form a dependency structure. Formal compiler semantics
tells us what kind of generalisation is possible; the family-holdout study asks whether that
possibility is useful; the relation framework tells us how to measure the realised grouping;
the policy-transfer study shows that the grouping can move with the target; the adaptation
study shows that the changed grouping must be verified after compilation; and the retrieval
study asks whether the verified intervention matters downstream.

This chapter assembles that structure into a set of claims with explicit strength. It
also separates the contributions that are system-independent from those whose empirical
evidence currently comes primarily from one artefact family.

17.1 The programme as a chain of identifiability

The strongest version of the policy thesis would say that lexical conflation is a controllable
system variable whose value can be learned, compiled, verified and jointly tuned with a
ranker. Each verb in that sentence requires a different kind of evidence.

Learned. P1, P2 and P6 show that commands are induced from lexical evidence, that
construction parameters change the induced symbolic structure, and that source-resource
consistency changes the support topology from which commands emerge (Galambos,
2026a,b,f).

Compiled. P7 gives the semantic account of subtree canonicalisation and accepting-
leaf contraction. It separates semantics-preserving sharing from deliberate extension of a
command decision to previously unrepresented continuations (Galambos, 2026g).

Measured. P3 treats the output as a pairwise relation and keeps missed and false
conflations as separate objectives before considering scalar costs (Galambos, 2026¢). The
method is independent of Radixor’s implementation.

Changed. P4 holds the mechanism fixed while changing a nested German reference
policy and observes a directional change in the realised relation (Galambos, 2026d).

Verified. P9 shows that positive edits are not enough to identify the deployed relation:
the unsealed English case contains 11,291 unintended memberships. Negative boundaries
and inventory closure make deployment fidelity an explicit obligation (Galambos, 2026i).

Measured downstream. P8 reports an English MIRACL development case in which
the sealed adapted policy improves the standard model across all five recorded means at
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the declared scorer, while a separate response study exposes ranker/objective sensitivity

(Galambos, 2026h).

The thesis is persuasive because no single study is asked to do all six jobs.

17.2 Three levels of claim

The monograph distinguishes three levels at which a conclusion can live.

Table 17.1: A claim is promoted only as far as the evidence allows. Generality of a definition
is not confused with generality of an empirical result.

Level

Examples in this volume

Current evidence boundary

Formal/methodological

Artefact-family empirical

Downstream/task empirical

pairwise overlapping-reference
evaluation; Pareto strata;
support intervals; compiler
semantic distinctions

edit-cost collapse, family
transfer, resource audit, runtime
envelope, policy response

verified adaptation and
MIRACL retrieval response

mechanism-independent where
definitions depend only on
outputs or abstract trie
observables

broad multilingual evidence,
but principally within
Radixor/Egothor
implementation and resource
conventions

one shared English
development case; not held-out

or multilingual downstream
validation

This distinction answers the habilitation-style objection that motivated the second
revision of the book. The field-level contribution cannot be supported merely by measuring
one artefact more thoroughly. Instead, the text now treats the output-level methodology
as the transferable contribution and Radixor as the principal demonstration. The missing
tield-wide comparator campaign is then visible as an empirical validation step rather than
hidden inside a broad rhetorical claim.

17.3 The reusable methodological contribution

Two parts of the programme survive replacement of the implementation almost unchanged.

First, the relation framework of Chapters 10 and 11 requires only a declared reference
relation and candidate outputs. It can evaluate Snowball, Stempel, KStem, Morfologik,
Hunspell or a future neural normaliser once each is mapped to the same output-policy con-
tract. Overlapping gold groups remain representable, pair-population imbalance remains
visible, and Pareto depth remains explicitly relative to the candidate set.

Second, the reporting discipline is architectural rather than Radixor-specific. An adapt-
able normaliser should be identified by more than a package name. At a minimum the
experimental record should identify:
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lexical evidence (resource, version, filtering and audit state), construction condition
(induction parameters and reduction mode), policy intervention (adaptation data and
output semantics), and, for downstream IR, retrieval condition (corpus, query split,
ranker, parameters, objective, cutoff depths and model-selection protocol).

Without those fields, two experiments nominally using the same stemmer can instantiate
different treatments.

17.4 A coupled view of lexical nhormalisation and ranking

The downstream results motivate a more explicit system model. Let M denote the transfor-
mation engine, 77 the lexical policy, 6 the ranker configuration, d the data population and m
the evaluation objective. The observable retrieval quantity is

Q(M, m,0,d,m).

A fixed-stemmer literature often treats M as the only meaningful treatment and the other
arguments as context. The Radixor programme shows why that factorisation can fail for
adaptable systems. Changing 7t changes the index statistics on which 6 operates; changing
8 changes which policy edits are rewarded by m.

This does not imply that every search system needs expensive joint optimisation. It
implies that separability is an empirical assumption rather than a default truth. If the policy
is learned under one scorer and then shown to prefer a different scorer after adaptation,
the correct conclusion is that the two components interacted—not that one tuning stage was
necessarily “wrong”.

17.5 What the programme does not yet establish

Four boundaries remain load-bearing.

Comparator breadth. The intrinsic framework has not yet been run as a single matched
campaign across the principal external stemmer families. The book can show that the
framework is implementation-independent by definition; it cannot yet show how much
new field-level structure it reveals in practice.

Independent lexical evidence. Most multilingual construction and holdout experiments
use UniMorph-derived resources. Family holdout prevents trivial row leakage but does
not create an independent annotation tradition.

Held-out downstream effectiveness. P8 and P9 share a development case. Policy
selection, sealing and evaluation are not an independent test of the adaptation procedure’s
generalisation.

Matched adaptation budgets. Comparing an adapted Radixor policy with a fixed
competitor’s default configuration answers a deployment question, but not a method-
capability question if the competitor could also be adapted under comparable supervision.

These are not reasons to weaken the formal or measured results already obtained. They
are reasons to state exactly which next experiments would promote the claims.
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17.6 The revised thesis statement

After the nine studies are combined, the defensible central thesis is:

Lexical conflation in an adaptable retrieval analyser is best treated as an explicit, repro-
ducible policy condition. That policy can be represented by a reference relation, learned
into executable transformations, altered under a fixed mechanism, checked after compi-
lation, and evaluated separately from the ranker with which it ultimately interacts. A
stemmer package name alone is therefore insufficient to identify the treatment whenever
these policy degrees of freedom are exposed.

The statement is deliberately about experimental method rather than about a universal
winner. It is stronger than “stemming parameters matter” because it specifies the object
that should be reported and verified; it is narrower than “Radixor is the best stemmer”
because the present evidence does not license that global conclusion.

17.7 What would promote the thesis from framework to field result

The next threshold is not another internal Radixor ablation. It is external application of the
framework. A same-resource Stempel comparison would isolate what has been added since
the 2001 line. Adding Snowball, KStem, Morfologik and other same-task systems under
frozen adapters would test whether the Pareto strata and policy geometry illuminate the
field rather than only one system. Held-out multilingual retrieval would then test whether
policy /ranker interaction generalises beyond the English development case.

Those experiments define the research agenda of the next chapter. Their role is not
to repair an otherwise invalid monograph; it is to determine how far a well-supported
artefact-level programme can be promoted into a field-level empirical conclusion.
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Chapter 18

External Validation Programme

The most useful way to conclude a mature experimental programme is not to list “threats”
as though they were generic disclaimers. It is to convert each remaining uncertainty into a
test that would change the scientific status of a claim. This chapter therefore treats external
validity as a programme of experiments with defined evidential roles.

The ordering follows the logic of Chapter 17. First test whether the ostensibly system-
independent framework produces informative comparisons outside Radixor. Then break
the two most important dependence structures—same-resource lexical evidence and in-
sample retrieval selection. Finally strengthen the reference floor, inference and workload
realism.

18.1 C4: turn the framework outward

The highest-value missing experiment is a field-level comparator campaign under the
relation and Pareto framework of Part III. The starting point should be STEMPEL, because it
is the direct Egothor-derived ancestor documented in Lucene (Apache Software Founda-
tion, 2024). With an identical lexical resource where possible, the comparison asks what
the modern representation, compiler and training machinery add beyond the inherited
mechanism.

The second ring should contain same-task systems with different construction premises:
Snowbeall, KStem, Hunspell, Morfologik and a transparent truncation floor. Each adapter
should be frozen before the final comparison and should state whether the system returns
one value, several candidates, or an identity fallback. Morfessor may be included only
through an explicit adapter that turns segmentation into a one-output conflation decision;
otherwise it is a neighbouring morphological method rather than a directly commensurate
stemmer.

The output should be a stratification resource, not an overall ranking. Pareto strata,
error regimes, support intervals and candidate-set sensitivity are precisely valuable because
they avoid inventing a universal exchange rate between false splits and false merges.

18.2 C1: independent lexical evidence

The multilingual studies gain breadth from 20 resources, but most of those resources
are derived from the same UniMorph framework. Family-level holdout prevents direct
training-family leakage; it does not make the gold relation independent of the source
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18. External Validation Programme

Table 18.1: The comparator set should answer different questions rather than produce a

single league table.

Comparator Why it belongs Question resolved

Stempel direct Egothor-derived ancestor ~what has the modern
programme added to the same
broad mechanism?

Snowbeall strong fixed rule-based baseline = where does a hand-designed
universal policy sit in the
two-error space?

KStem dictionary-gated English how does conservative lexical

Morfologik /Stempelator line

normalisation

compact
dictionary/FSA-oriented Polish
line

gating compare with learned
transformation?

what are the

quality /runtime/memory
trade-offs under aligned
resources?

Hunspell affix+dictionary ecosystem how does a widely deployed
lexical-rule architecture behave
under the same relation
contract?

Truncation intentionally simple floor how much structure is gained

beyond a non-linguistic
reduction baseline?

representation. C1 should therefore train from one lexical source and evaluate against
another independently curated source after an explicit reconciliation of vocabulary and
target semantics.

This experiment would answer a different question from P1. P1 shows within-resource
transfer beyond enumerated families. C1 would test whether the learned transformations
and relation conclusions survive a change of annotation source. A lower score would not
invalidate P1; it would quantify source specificity that P1 intentionally does not estimate.

18.3 C2: held-out multilingual retrieval

The MIRACL case demonstrates a realisable policy intervention but reuses development
evidence in the selection loop. C2 should split policy/ranker selection from final evaluation.
For every language included, adaptation data, negative sealing, objective weights and
BM25 parameters must be frozen before held-out queries are scored.

A particularly informative design would compare four conditions: fixed default pol-
icy/fixed ranker; adapted policy/fixed ranker; fixed policy/tuned ranker; and adapted
policy/tuned ranker. That factorial structure would separate the incremental contributions
of lexical policy and scorer calibration while retaining their interaction.

C2 is the experiment that can promote “policy/ranker interaction is observable in one
development case” to “an adaptation procedure generalises downstream”. No amount of
additional in-sample optimisation can substitute for it.
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18.4. C3: establish an absolute intrinsic floor

18.4 C3: establish an absolute intrinsic floor

Pareto depth is candidate-set relative. Removing a point can move another point to a better
stratum without changing its outputs. That property is not a flaw; it is the definition of
dominance depth. It does mean that a field resource benefits from a deliberately weak
reference floor whose role is to anchor the geometry.

A truncation family is attractive for this purpose because its behaviour is simple, de-
terministic and controllable by retained length. The objective is not to make truncation
competitive but to make the lower envelope of the candidate set explicit and reproducible
across future additions.

18.5 C5 and C6: workload and inference

P5’s microbenchmark controls the executed inputs to isolate model cost. A production
analyser sees Zipf-like token frequencies, repeated hot terms, cache effects and surround-
ing tokenisation overhead. C5 should replay natural frequency-weighted streams and
report throughput, latency distribution, memory footprint and warm/cold behaviour. The
controlled type sweep should remain in the report as a diagnostic rather than be replaced.

The empirical chapters also use resources, families, seeds or queries as clusters rather
than pretending that all pairwise observations are independent. C6 should extend that
discipline with uncertainty aligned to the actual experimental unit: resource-level bootstrap
or hierarchical summaries for multilingual campaigns, family-level resampling where
appropriate, and query-level paired inference for retrieval. Pair counts are combinatorial
outcomes, not independent Bernoulli trials.

18.6 C7: fixed-test learning curves

P1’s nested coverage conditions change both the training set and the held-out population.
C7 should freeze one test family set and increase only training coverage. The resulting curve
would have a cleaner learning interpretation and would show whether command-inventory
saturation precedes, tracks or lags target recovery.

18.7 How the nine studies should be counted

The nine manuscripts are provenance units, not nine statistically independent confirmations
of one hypothesis. P8 and P9 explicitly share one English MIRACL development case;
P2 and P6 interrogate different upstream determinants of the same construction pipeline;
P1 and P7 form empirical and formal halves of the generalisation question. Appendix D
therefore records which claims and data each study owns instead of treating publication
count as scientific weight.

This point also strengthens the book’s narrative. The programme is coherent because
the studies answer different dependencies in one argument, not because there happen to be
nine of them.
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18. External Validation Programme

Table 18.2: Experiments ordered by how strongly they would change the interpretation of
the current monograph.

Id Primary uncertainty What a completed experiment would add

C4 field-level comparator evidence  demonstrates the output-level framework across
independent stemmer families; quantifies the increment
over Stempel

Cl same-resource dependence tests lexical transfer across independently curated sources

C2 in-sample downstream selection estimates held-out, multilingual adaptation and
policy—ranker interaction

C3 candidate-set relativity supplies a stable intrinsic reference floor

C6 descriptive uncertainty aligns inference with resources, families and queries

C5 benchmark workload realism tests timing conclusions under natural token frequencies
and memory conditions

C7 changing holdout population yields a fixed-test learning curve and saturation analysis

18.8 Prioritised programme

The priority order is scientific, not logistical. C4 comes first because it addresses the central
identity question raised by a field-level monograph: does the framework reveal something
about conflation systems generally, or only about Radixor? C1 and C2 then address the
two strongest external-validity limits. The remaining experiments sharpen calibration and
inference.

18.9 The programme is open by design

A final monograph need not pretend that no important experiment remains. The criterion
is whether the present claims are commensurate with present evidence and whether the
next steps are specified strongly enough to falsify or promote them. On that criterion, the
research line is complete enough to state its methodological thesis and open enough to be
tested outside the artefact that motivated it.
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Chapter 19

Conclusions

The conventional question “which stemmer is better?” is too coarse for an adaptable
normalisation system. It suppresses the lexical relation being implemented, the construction
choices that produce the runtime model, the way the compiled structure generalises, and
the scorer under which the relation is finally rewarded. This monograph replaces that
question with a sequence of identified objects and experiments.

19.1 A policy can be made explicit

The first result is conceptual but operational. A lexical conflation policy can be represented
as a declared relation over observed forms rather than as an implicit property of a program
name. Once the relation is explicit, missed conflations and false conflations become separate
measurable errors and alternative policies can be compared without requiring identical
literal stem strings.

That representation also accommodates overlap. A form can legitimately participate in
more than one lexical group, so the gold object need not be a partition. Chapters 10 and 11
therefore operate on pair relations and make candidate-set dependence and scalar cost
assumptions visible.

19.2 A policy can be learned into an executable object

The Egothor/Radixor line learns patch commands from lexical relations rather than storing
only answers. P2 shows that edit costs are structural hyperparameters, yet much of the
sampled numeric space collapses to exact behavioural equivalence. P6 shows that lexical-
resource consistency changes the support topology from which command vocabularies are
learned. P7 then separates compiler operations that preserve the represented command-
selection semantics from accepting-leaf contraction, which deliberately extends a uniform
command decision to unrepresented continuations.

The empirical counterpart is P1: with whole lexical families held out and surface
leakage controlled, transformations learned from the remaining families recover many
unseen changed forms across 20 UniMorph-derived resources. The combination of formal
semantics and holdout evidence is what supports the phrase lexicon-trained but not lexicon-
bound.
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19. Conclusions

19.3 A learned policy can be changed and checked

P4 supplies the controlled policy intervention. Under a fixed mechanism, a nested change
in German reference policy produces a small but directional change in the realised relation.
That experiment establishes policy learnability without relying on retrieval.

P9 makes the stronger deployment distinction. Positive assignments say what must
join a class; negative boundaries say what must not join it; post-compile closure checks
what actually happened. The 11,291 unintended surfaces in the unsealed English case
demonstrate why a configurable system is not necessarily a verified system.

This leads to a useful three-level vocabulary for future work: representational capability,
learning capability, and deployment fidelity. Claims at one level should not be promoted to the
next without evidence.

19.4 A verified policy can change retrieval

P8 closes the chain with a full-corpus English MIRACL development experiment. At
the declared common BM25 point, the sealed adapted policy improves the standard
Radixor model on all five recorded mean metrics; the reported relative gains include
3.667% nDCG@10, 4.043% Recall@100 and 5.340% AP@1000. The adapted representation
simultaneously has fewer output terms and more term-document incidences, proving that
it is not a simple global move toward more or less conflation.

The accompanying BM25 response study shows why the ranker cannot be treated as an
inert background component. Lexical policy changes term statistics; the ranker’s preferred
parameters can therefore change with the policy. The appropriate system-level object is a
coupled condition (77, 0) rather than a stemmer label with an assumed default scorer.

Interpretation boundary. The MIRACL result is a selected development outcome shared by
P8 and P9. It establishes feasibility and interaction, not held-out multilingual effective-
ness. The latter is the purpose of experiment C2.

19.5 What is transferable beyond Radixor

The monograph’s most durable contribution is not a claim that Radixor wins every compar-
ison. It is an experimental grammar for conflation systems.

When a normaliser exposes adaptable lexical behaviour, the reproducible experimental
unit is the policy condition, not the package name alone. Intrinsic evaluation should
preserve false-split and false-merge objectives; deployment should verify the compiled re-
lation over its declared inventory; and downstream evaluation should report the ranker,
parameters, metric weights, rank depths and model-selection protocol together with the
lexical policy.

The pairwise relation framework and Pareto stratification can be applied to external
systems without knowing how they were implemented. The reporting standard likewise
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applies to any system whose dictionary, exception rules, training data or deployment
overrides change the realised relation.

19.6 What remains to earn a field-level empirical claim

The next decisive evidence is external rather than another internal Radixor ablation. A same-
resource Stempel comparison can quantify what the modern compiler and experimental
machinery add to the documented Egothor lineage. Extending the same framework across
Snowbeall, KStem, Morfologik, Hunspell and a simple truncation floor can test whether the
proposed geometry describes the field rather than one artefact family. Independent lexical
resources and held-out multilingual retrieval can then test how far the observed effects
transfer.

That agenda is a strength of the final formulation because it makes promotion criteria
explicit. Formal claims already proved need not wait for another benchmark. Multilingual
artefact-level findings remain valid within their resource and protocol boundaries. Field-
wide comparative and downstream claims are reserved for experiments that actually sample
the field and test held-out deployment conditions.

19.7 Final statement

Twenty-five years after the original Egothor publication, the research line has moved from
a semi-automatic Java stemmer to a broader proposition about how lexical normalisation
should be studied. The inherited patch-command mechanism provides an unusual long-
lived experimental substrate; the nine modern studies make its construction, measurement,
adaptation and retrieval effects auditable.

The resulting conclusion is deliberately procedural rather than promotional:

A stemmer is not fully identified by its algorithm name when its lexical confla-
tion relation can change. The policy, its compiled realisation, and the retrieval
condition under which it is evaluated are part of the scientific object.

That formulation is strong enough to be tested outside Radixor. Its value will ultimately
be determined by whether future comparisons adopt that experimental unit and whether
the external-validation programme confirms the same structure across independent systems,
resources and retrieval tasks.
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Appendix A

Notation, with Cross-References

The table repeats the front-matter notation with a pointer to the definition or result in which
each symbol is introduced or first used substantively.

Symbol Meaning Introduced
z, alphabet; strings over it Def. 5.1
w,U,v surface forms Def. 5.1

o reversal of w; trie indexing key Def. 5.5

L lexical training relation Def. 5.1
V(r) variant set of root r on its row Def. 5.1
G(w) gold groups containing w Def. 10.1

IT primitive edit operations Def. 5.2

¢, C patch command; command vocabulary Def. 5.2
Exec(c, w) command execution Def. 5.3, Alg. 5.1
0% edit-cost vector Alg.6.2,Ch.7
T,N(T) patch-command trie; its nodes Def. 5.5
val(n) value carried at node n Def. 5.5
dom(n) inputs whose traversal reaches n Thm. 9.9
sig,, (n) mode-u reduction signature Def. 9.1

=y canonicalization congruence Def. 9.2
C(w) command selection function Def. 5.6
H(w) realised stemming function Def. 5.7

U reduction mode Ch. 5, 85.6
T lexical policy Def. 2.2
A= (P,N) adaptation set: positives, negatives Def. 15.1
TP,FP,FN,TN pairwise confusion counts Def. 10.2
Ul, OI understemming, overstemming indices Def. 10.2
BA balanced accuracy; navigation metric Tab. 10.1

Co raw pair cost pFN + FP Def. 11.4

1Y caller’s exchange rate Def. 11.4

I, support interval of candidate a Prop. 11.5
nDCG@k normalised discounted cumulative gain Tab. 16.1
R@k, AP@k recall and average precision at depth k Tab. 16.1
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Appendix B

Metric Definitions and Applicability

This appendix expands Table 10.1 with the sensitivity of each metric and its applicability
under the three output policies of Section 10.6.

B.1 Confusion-derived metrics

All metrics are computed from unrounded raw integer counts. An undefined denominator
yields n/a, never zero, NaN or infinity, and n/a values are excluded from macro averages
rather than imputed.

Metric Definition Primary sensitivity

Under-stemming FN/(TP + FN) false splits within gold

rate groups; equals 1 — recall.
Paice’s UL

Over-stemming  FP/(TN + FP) false merges across groups.

rate The denominator is very

large, so values are small
and small absolute
differences are meaningful.
Paice’s OL

Precision TP/(TP + FP) over-conflation. Degrades
sharply when a common
suffix is over-generalised.

Recall TP/(TP+ FN) under-conflation. Bounded
above by the output policy:
a primary-output model
cannot recover pairs
requiring a discarded
candidate.

Specificity TN/(TN + FP) false conflations relative to
the very large negative
population.
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Metric Definition Primary sensitivity
Balanced I (recall + specificity) both error types with equal
accuracy weight on their own

Pairwise accuracy

Fos, B>

Jaccard

Fowlkes—
Mallows

MCC

(TP +TN)/(TP 4+ TN +
FP + FN)

2TP/(2TP + FP + FN)

(1+%)TP
(14-B?)TP+B2FN+FP

TP/(TP + FP + FN)

\/precision - recall

TPTN —FPEN .
V/5152555;

S1=TP+FP, S=TP+FN,

S3=TN+FP, S4=TN+FN

populations. The primary
navigation metric; ranking
uses its unrounded value.
dominated by TN under
class imbalance. Reported
for completeness; not used
for ranking.

positive class only; ignores
TN.

B < 1 weights precision,

B > 1 weights recall.
Reporting all three exposes
the exchange rate that a
single F score hides.
positive-class overlap;
excludes TN entirely.
geometric mean of the two
positive-class rates (Fowlkes
and Mallows, 1983).

all four cells; informative
under strong imbalance
(Matthews, 1975).
Undefined when any factor
is zero.

B.2 Applicability by output policy

Table B.2: Which metrics are defined under each output policy. ANY_CANDIDATE yields no
single confusion matrix (Proposition 10.3), so every confusion-derived score is n/a under it,
while its separate error counts and denominators remain defined.

Quantity PRIMARY ALL_CAND. ANY_CAND.
Under-error count and denominator yes yes yes
Over-error count and denominator yes yes yes
Ul OI yes yes yes
TP,FP,FN, TN yes yes n/a
Precision, recall, specificity yes yes n/a
Balanced accuracy, Fﬁ, Jaccard, FM, MCC yes yes n/a
Used for headline ranking yes no no
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B.3. Metrics deliberately not computed

B.3 Metrics deliberately not computed

The adjusted Rand index (Hubert and Arabie, 1985), homogeneity, completeness, V-measure
and normalised mutual information require a contingency table in which each item carries
exactly one gold label. Under the overlapping gold relation of Definition 10.1 no such table
exists. An overlapping-clustering analogue would need a separately specified random
model and would not be comparable to the standard indices, so reporting one under a
familiar name would mislead. These indices are therefore absent by decision.

B.4 Aggregation rules

Macro metrics average defined per-language values, giving each language equal weight
regardless of resource size. Micro metrics sum the raw counts across languages and then
compute the metric, which weights languages by pair volume. Both are reported where both
are meaningful, because they answer different questions and can rank systems differently.

Cross-stemmer aggregates are computed only over the exact common supported-
language intersection. Unsupported language and adapter combinations are absent from
the aggregate rather than scored zero, and an aggregate over a different intersection is a
different quantity that must not be compared with it.
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Appendix C

Protocol Identities and Reproducibility

CA

Provenance discipline

Every campaign in this volume is identified by a frozen protocol string, and every artefact
it produces carries an identity that can be checked independently. The elements are the
following.

C.2

Protocol identifier. A version string naming the procedure, for example radixor-
generalization-v1. The identifier is part of the hash input for row ranking, so a protocol
change produces a different split rather than a silently different result under the same
name.

Model identity. Compiled model files are identified by SHA-256. Independent
regeneration is expected to reproduce the identity exactly, and Chapter 14 reports a
clean replay that regenerated all 30 persisted cross-fit models with matching identities.
Resource identity. Compressed lexical resources carry SHA-256 digests, so a claim
about a language is attached to a specific resource state rather than to a resource
name.

Declared seeds. Seeds are declared before results are inspected and are published
with the protocol.

Raw counts. Numerators and denominators are stored; percentages are derived at
publication time. An undefined denominator is recorded as n/a.

Declared seeds

The five seeds of radixor-generalization-v1:

C.3

2654435761 2611923443488327891 7046029254386353131
11400714819323198485 15111065706836454659

Generalisation campaign scale

Smallest and largest resources in the primary study bracket the reliability of the reported
ranges: Persian contributes 69 rows and Yiddish 802, which is why the five-split median
and range are reported rather than a single figure.

115



C. Protocol Identities and Reproducibility

Table C.1: Scale of the frozen generalisation campaign and of the extended sweep published
alongside it.

Quantity Count
Default model resources in the primary study 20
Coverage levels (10% to 100%) 10
Declared seeds 5
Build/evaluation scenarios (primary) 1,000

of which with non-empty held-out population 900
Additional scenarios in the extended sweep 6,150
Rows in the merged snapshot 7,150
Disjoint model sets covered by the merged snapshot 20 and 123
Extended matrix (models x coverage x seeds) 143 x 10 x 5

C.4 Reproduction entry points

The published harness exposes the campaign through named build tasks. The sequence
below reproduces the generalisation snapshot and verifies the published documentation
against it.

Task Effect

dictionaryGeneralizationStandalone run one resource’s build /evaluation
scenarios and emit raw counts

mergeDictionaryGeneralizationSnapshots merge per-resource outputs into the

campaign snapshot
publishDictionaryGeneralizationDocumentation render the published tables from

the snapshot
verifyDictionaryGeneralizationDocumentation check that the published tables

match the snapshot exactly

The last task is the one that matters for trust. Rendering documentation from data is
ordinary; verifying that published documentation still matches its data catches the failure
mode in which a table is edited by hand, or a regenerated campaign quietly diverges from
the text describing it.

C.5 Edit-cost campaign

Quantity Count
Sampled grid points 234
Physical model builds 16,700
Logical observations 234,000
Distinct induced behaviours 334

Behavioural equivalence is decided by exact comparison of normalised command
sequences (Proposition 7.1); no tolerance is involved, and the reduction is therefore a
deterministic fact about the campaign rather than a clustering result.
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C.6 Quality campaign

The published quality appendix retains 66 directly compared language-mode matrices
across 33 unique languages, 216 RADIXOR-only matrices and 4 undefined matrices, and
maps 190 deterministic implementation rows to 174 aggregate error vectors. Undefined
matrices are retained explicitly rather than dropped, on the same principle that records n/a
rather than zero.

C.7 Where the material lives

Protocol definitions, raw result tables, per-language appendices and reproduction instruc-
tions are published with the project documentation (Galambos, 2026j). This volume restates
results; it does not replace the frozen artefacts, and where the two differ the artefacts are
authoritative.
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Appendix D

Evidence Ledger: The Nine Constituent
Studies

This appendix records the empirical and formal provenance of the monograph. The nine
studies are not chapters in disguise, nor are they nine replications of a single experiment.
They isolate different links in one argument: how a lexical conflation policy is induced,
compiled, measured, modified, verified, and finally exposed to retrieval evaluation. The
order below is the series order; the book deliberately follows logical dependency rather
than publication sequence.

The persistent identifiers identify the manuscripts synthesised here. Availability as a
preprint is not represented as journal or conference peer-review status. Numerical state-
ments below are reproduced from the respective study; no new experimental observation
is introduced by this appendix.

P1 — Generalisation beyond enumerated lexical families (Galambos, 2026a)
Does a lexicon-trained stemmer generalize? A 20-language study of held-out lexical families
Evidence unit. Twenty UniMorph-derived resources, ten training-coverage levels and five pre-

declared seeds: 1,000 build/evaluation scenarios, 900 with a non-empty held-out population after
parser-normalised surface-overlap control.

Principal result. Exact transformation accuracy on unseen changed forms rises systematically with
training coverage. Across the 20 resources, the median increases from 63.72% at 10% coverage to
70.44% at 90%, and every resource has the higher median at 90%.

Boundary. This is within-resource, out-of-training-family transfer. It does not establish transfer to
an independently sourced lexicon, domain, or language.

Used in this volume. Chapter 12.
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P2 — Alignment costs as structural hyperparameters (Galambos, 2026b)
Edit costs as structural hyperparameters in dictionary-induced stemming: A multilingual sensitivity
study

Evidence unit. A sampled 234-point edit-cost grid over 20 resources: 4,680 resource—cost combina-
tions, 16,700 physical build/evaluation scenarios and 234,000 logical observations under the study’s
evaluation protocol.

Principal result. The grid collapses to 334 exact command-sequence behaviours. Much of the
quality landscape is flat, but the induced structure is not: some settings reduce compiled structure
by more than 24%, showing that edit costs are model hyperparameters rather than innocuous
implementation constants.

Boundary. The grid is deliberately sampled, not exhaustive over all non-negative cost vectors;
observed plateaus therefore characterise the tested region only.

Used in this volume. Chapter 7.

P3 — Multi-objective comparison and Pareto strata (Galambos, 2026c¢)
Classifying multilingual stemmers by Pareto strata: Error regimes in pairwise lexical conflation
Evidence unit. Pairwise relation evaluation over overlapping lexical gold groups, with 190 imple-

mentation rows mapping to 174 aggregate error vectors; recursive Pareto sorting and exact support
intervals for the positive linear cost family C, = pFN + FP.

Principal result. The observed vectors occupy four recursive Pareto strata (40, 97, 27 and 10 vec-
tors). In the primary view Radixor is the sole first-stratum vector in all 19 comparative languages
and strictly dominates all 75 comparator rows on both pair-error axes; the second stratum further
separates into recall, specificity, supported-compromise and unsupported-efficient regimes.

Boundary. “Unsupported” is a property relative to that scalar family; it is not a claim that the point
is irrational or useless under every possible utility.

Used in this volume. Chapter 11.

P4 — Policy learnability under a fixed mechanism (Galambos, 2026d)
The stemming policy is data

Evidence unit. A controlled German experiment built from two nested CISTEM-derived reference
policies while retaining the same Radixor induction and execution mechanism.

Principal result. Cross-fit models show sparse but directionally stable policy-conditioned changes
along the tested aggressive-to-conservative axis; the primary medoid encoding yields approximately
0.61% pair-micro switch coverage. Independent clean replay regenerates all 30 persisted models
with matching SHA-256 identities.

Boundary. This is one language and one nested policy axis. It establishes learnability of a controlled
policy difference, not universal policy learnability.

Used in this volume. Chapter 14.

P5 — Compiled structure and online cost (Galambos, 2026¢€)
Runtime cost of a compiled lexicon-trained stemmer

Evidence unit. Twenty compiled Radixor models, with repeated occurrence-level measurements
and 18 directly available Snowball comparisons under two comparison policies.

Principal result. Observed Radixor cost spans 42.8 ns to 150.6 ns per occurrence, with a median of
67.8 ns. Internal-node count correlates more strongly with runtime (Spearman p = 0.931) than raw
training rows (p = 0.723); 17 of 18 Snowball comparisons favour Radixor and one is approximately
at parity.

Boundary. The experiment characterises the tested JVM, models and harness. Correlation with
structure is explanatory evidence, not a causal decomposition of every runtime component.

Used in this volume. Chapter 13.
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P6 — Resource consistency and transformation vocabulary (Galambos, 2026f)
Lexical-resource consistency as a compiler input

Evidence unit. A multilingual audit of high-command configurations with a homogeneous grouping
rule applied only where it is non-destructive under the study’s criterion.

Principal result. Twelve high-command resources yield ten non-destructive candidates and two
explicit no-safe-change outcomes. Eight of nine homogeneous grouped-rule candidates reduce
command vocabulary, from a summed 20,281 to 19,842 (—2.165%, median —1.334%); German is
separate at 6,986 to 5,313 (—23.948%). Finnish, Hebrew and Polish further show that row edits,
command counts and package bytes are not interchangeable.

Boundary. The result concerns consistency transformations supported by the audited resources. It
is not evidence that grouping is always beneficial or safe.

Used in this volume. Chapter 8.

P7 — Compiler semantics (Galambos, 20269)
Compiler semantics for trie-based lexical transformation

Evidence unit. Formal definitions of the selection function, semantic subtree signatures, canonicali-
sation and uniform accepting-leaf contraction for the Egothor/Radixor trie compiler.

Principal result. Mode-specific semantic canonicalisation preserves the represented selection func-
tion and yields a relatively minimal quotient of the exact contraction-free trie under the stated
equivalence. Uniform accepting-leaf contraction instead extends a value decision to previously
unrepresented inputs and is therefore a generalisation operation, not semantics-preserving minimi-
sation.

Boundary. The minimality statement is relative to the represented trie and equivalence before
generalising contraction; it is not a global minimum over arbitrary program representations.

Used in this volume. Chapter 9.

P8 — Retrieval depth, scorer interaction and adapted policy (Galambos, 2026h)
Where retrieval quality goes: Rethinking stemming in modern search
Evidence unit. The English MIRACL development set: 799 queries and approximately 32.9 million

passages, with a task-adapted sealed policy compared with the standard model and other baselines;
a separate 164-evaluation BM25 response study examines scorer and objective sensitivity.

Principal result. Against the standard dictionary, the sealed policy improves every reported
metric: +3.667% nDCG@10, +4.043% Recall@100 and +5.340% AP@1000 among them. Query-
level diagnostics show that most of 799 queries tie; depth bands expose where judged relevance is
redistributed; objective reweighting explains the earlier Step-2 compromise; and the final index is
incomparable to the standard one under pure global coarsening/refinement.

Boundary. Policy selection and evaluation use the same development case. The result is an in-
sample feasibility demonstration, not evidence of unseen-query or cross-collection superiority.

Used in this volume. Chapter 16.
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P9 — Two-sided adaptation and deployment verification (Galambos, 2026i)
Two-sided lexical policy adaptation and verified deployment

Evidence unit. Positive lexical assignments, negative membership boundaries, model reopening,
persistence, observed-vocabulary closure and replay verification, using the same English MIRACL
development case that motivates P8.

Principal result. A positive-only realisation admits 11,291 unintended observed surfaces; negative
boundaries and closure expose the distinction between intended policy, representational capability
and realised deployment. The accompanying expressivity analysis shows that XSTEM-style terminal
cut-and-append actions embed in the older Egothor patch executor, while the latter can also preserve
interior material between edits.

Boundary. P9 and P8 are complementary analyses of one adaptation case, not independent retrieval
replications. Expressivity inclusion does not imply that one learner will discover another system'’s

policy.
Used in this volume. Chapter 15.

How the studies combine

No single paper carries the monograph’s field-level thesis. P7 defines what the compiled
policy object means; P2 and P6 show that induction inputs change that object; P1 tests
behaviour beyond enumerated families; P3 supplies a system-independent error geometry;
P5 characterises execution cost; P4 tests whether a reference policy can be changed while
the mechanism is held fixed; P9 turns that change into a two-sided verified deployment;
and P8 measures its downstream retrieval consequences. Chapter 17 is where these links
are joined explicitly.

Three contributions belong to the synthesis rather than to an individual study: the
verified historical reconstruction in Chapter 3; the cross-study argument developed in
Chapters 17 and 18; and the reporting standard in Section 17.4. Those claims should be
evaluated as claims of this volume, not retroactively attributed to P1-P9.
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