MODULE FLOW ——> MODULE

FLOW ——>

1
- .
7}] =
ii  Fa

.|T.
------ g - «— >_ SEARCH QUERY TOKENIZATION... —>t S
s Il :
o —_ L y
A =l q | [§] B St h s s e
= ¥ —i =
...... 5 ; Ir'~ : . : - . : : - E’: e i e R
= 5 [
""" ALERT ORANGE WARNING: OVERFITTING ] R e A SO G
TORARE TOKENS L Ll - « - « + -
PITFALL: SYNONYM MAPPING FLAW ' 1
DETECTED - AMBIGUITY RISK!
______ & SCORING MECHANISM e L
[ m ]
...... . . SCDHE = Z {wl * TF_IDF [tld'}} = . » . = F - 3 3 a g &
"q"é_ i=1 S [ S e e e | |8 [l e
W +TF-IDF(t,d
; ) SCORE = — itd) | 0.6381 :
\‘ t
LSIHILP.RIW INDEX: 98.7% e

a2t MODULE 1 >

Keyword Search Mechanics

A schematic view of lexical matching, indexing, and scoring.




The Millisecond Mandate

A search engine must return the best matches from millions of documents in
milliseconds. Keyword search solves this with two mechanisms:

[user input]

Pillar 1: Data Structure (Speed) l

Pillar 2: Scoring Function (Relevance)

Requires an architectural
pivot to avoid scanning
every document.

Requires mathematical
weighting to rank documents
by literal word matches.
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Step 1: Tokenization Pipeline

Before any matching occurs, raw text is normalized into uniform tokens.

Drop Stop

Input Sentence:

: Lowercase
The Grass 1s

running!

the grass is running! grass running! [grass] [run]

(R i

Removes non-informative Strips suffixes to
words like "the", "is" root concepts

Crucial Rule: The exact same pipeline must be applied to both the query and the

documents. If tokenization mismatches, literal matches silently vanish.




Step 2: The Inverted Index Paradigm Shift

Search is instant because the database structure is inverted ahead of time.

Forward Index (Slow Scan)

Maps Document -> Words

|

Inverted Index (Instant Lookup)

e

DO: [the, grass, 1s, green]

Querying requires scanning millions
of documents sequentially.

Maps Word -> Document Postings

=
[grass] -> {DO}

[blue] -> {D1, D4}
[whale] -> {D4}

L

Querying requires a single dictionary
lookup. The engine jumps directly to the
exact documents containing the term.
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Step 3: The Naive Count (And Its Fatal Flaw)

Intuition suggests we simply count the shared words.

r—Query: ‘[what] [color] [is] [the] [grass]

¥ v

\ 4
DO : [the] [Grass] [is] green (Score: 3 matches)

. |[the] capital of canada [[i8] ottawa (Score: 2 matches)

D1: [[the] sky [[is] blue (Score: 2 matches)

D3: a whale [[iS] a mammal (Score: 1 match)

L

" The Problem: DO wins, but for the uﬁrbng reason. Ultra-common words

like 'the' and 'is' dominate the count while carrying zero meaning.




Evolution 1: TF-IDF

We must mathematically weight words by how informative they are.

= ¥
Inverse Document
Term Frequency (TF ]
[ . y (TF) Frequency (IDF)
. _
| TF: How often does the term appear | | IDF: How rare is the term across 1
—| in this document? (Frequent here = the whole corpus? (Rare overall = |«
probably matters to this document). more distinctive and useful).

The Formula: IDF(t) = 1In(N / df(t))
(Where N = total documents, and df = documents containing the term).




TF-IDF in Action

- Calculating the query against a 5-document corpus.

Term Occurrences IDF Calculation
28 [1s] Appears in 5 docs IDF = In(5/56) = 6.00—
3 | [the] Appears in 3 docs IBE = In(5/3) = 0.511
4 | [grass] Appears in 1 doc IDF = 1n(5/1) = 1.61

Scoring DO (‘the grass is green’):

score(DO) ~ (1 x 1.61) + (1 x O

N2

.51) + (1 x 0.00) = 2.12

N

The Result: The word ‘grass’ drives the entire score. Because ‘1s’ appears 1n
every document, 1its IDF drops to absolute zero. Meaning drives the ranking.




Evolution 2: BM25 (The Workhorse)

TF-IDF has two vulnerabilities. BM25 applies common-sense fixes, making it the
default first-stage ranking function for decades.

Fix 1: Term Saturation
(Parameter k_1)

Fix 2: Length Normalization
(Parameter b)

= o
TF-IDF Bug: Scores grow infinitely

if a word is repeated.
iy -

[ i

TF-IDF Bug: Long documents
Eaturally repeat words and win unfairlyj

BM25 Fix: Diminishing returns. k

Seeing a word 10 times is not 10x
more relevant than seeing it once.
" The score flattens out. D

[ F
BM25 Fix: Compares a document to
the average document length in the

corpus, penalizing overly long texts.
= =
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Visualizing Term Saturation

Why keyword stuffing fails against BM25.

—

o | Asadocument repeats the
| exact same term, plain

| sl | | TF-IDF scales relevance
L infinitely.
b | BM25 applies an

" ] I R ) asymptotic curve.
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The Lexical Search Engine

~ The complete architecture. An exceptionally fast, robust baseline that requires no model training.

1. Input 2. Processor 3. Router 4. Calculator 5. Output
Inverted Index
Passes through does an instant BM25 Formula Top ranked
Usertypes |—»  Tokenizer lookup, is applied only to Documents
Query. (standardized bypassing millions the retrieved returned in
chips). of docs to find posting lists. milliseconds.

[Posting Lists].




System Diagnostic Matrix

Common pitfalls in lexical search implementations.

Symptom Cause

Rule Violated

Exact word matches Mismatched
disappear entirely. tokenization.

Query and Index pipelines
must be perfectly mirrored.

Queries with “not” or “no” Over-aggressive
return opposite meanings. stop-word removal.

Contextual modifiers must
survive tokenization.

Long documents inexplicably | Using raw counts without
dominate the top resuits. length normalization.

Always default to BM25
over basic TF.




The Fundamental Limitation

~Lexical search matches words, not meaning.
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If a relevant document uses synonyms or paraphrases, the literal tokens will not match. Even with the
perfect inverted index and optimized BM25 parameters, keyword search will completely miss the document.

q

sharp sensation
localized to one
temple

This is the Vocabulary Mismatch Problem. To solve it, we must transition
from literal tokens to mathematical meaning. (Next: From Text to Vectors)
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