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We present a comprehensive parameterized complexity framework for the cryptanalysis of classical cipher
systems composed of multiple cryptographic transformation layers. Our main theoretical contributions
are threefold. First, we prove that Cipher-Decode is fixed-parameter tractable (FPT) when parameterized
by the structural complexity vector (k, may, |X|), yielding an algorithm with running time O*(|%|Ffmsx),
Second, we establish that the problem is para-NP-hard when parameterized solely by the number of layers
k, and W[1]-hard via a complete formal reduction from k-Clique, providing a tight complexity dichotomy.
Third, we design a branch-and-bound algorithm with statistical pruning based on Kullback-Leibler diver-
gence and the Index of Coincidence, reducing the effective search space by two to six orders of magnitude
relative to exhaustive search. Experimental evaluation on 47 benchmark instances spanning Vigenere,
substitution, ADFGVX, and multi-layer composite ciphers confirms the theoretical scaling predictions
(R?> = 0.9998) and demonstrates speedups of 115x to over 2000x against naive baselines, with direct
comparisons against simulated annealing and beam search. To the best of our knowledge, this is the first
rigorous FPT analysis of multi-layer classical cipher cryptanalysis.

Povzetek: Clanek predstavi parametrizirani okvir za kriptoanalizo vecplastnih klasicnih Sifer ter dolo¢imo
meje njihove racunske zahtevnosti. Razviti algoritem z ucinkovitim statisticnim obrezovanjem v praksi

dosega od 115- do vec kot 2000-kratne pohitritve.

1 Introduction

The computational complexity analysis of cryptographic
problems has been fundamental in modern cryptography
development. While contemporary cryptography focuses
on primitives such as block ciphers and hash functions,
classical cipher systems remain relevant for multiple rea-
sons: (1) theoretical foundations providing structured case
studies for complexity analysis with clearly defined param-
eters; (2) security analysis in legacy systems where weak
encryption protocols persist in industrial control systems,
embedded devices, and low-power communications infras-
tructure; (3) algorithmic benchmarks offering combinato-
rial optimization problems with rich mathematical struc-
ture suitable for testing complexity-theoretic frameworks;
(4) educational perspective informing cryptographic design
principles through systematic understanding of vulnerabil-
ities in historical systems.

We consider cipher systems applying k cryptographic
transformations sequentially, each parameterized by its
own key. The fundamental computational problem is:
Given ciphertext and known system structure, can we ef-
ficiently recover the original plaintext? This captures
ciphertext-only attacks when the cipher structure is known

but specific keys are not, representing a realistic threat
model in many practical scenarios.

Classical complexity theory catalogs this as NP-
complete generally. However, this characterization is too
coarse: it does not distinguish between k& = 2 layers (typi-
cally tractable in practice) and k£ = 100 layers (clearly in-
tractable). Parameterized complexity [3] offers much finer
analysis: we identify structural parameters k and seek algo-
rithms with running time 7'(n, k) = f(k) - poly(n) where n
is input size and f is a computable function (potentially ex-
ponential) only in the parameter. A problem is FPT (fixed-
parameter tractable) if it admits such an algorithm.

1.1 Research questions and goals

This work is organized around the following explicit re-
search questions:

RQ1: Is Cipher-Decode fixed-parameter tractable under
the parameterization by the structural complexity vec-
tor (k,¢max, |2|), and what is the optimal running
time?

RQ2: What are the computational barriers when the pa-
rameterization is restricted to fewer structural param-
eters (e.g., only k)?
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RQ3: Can statistical pruning techniques based on lan-
guage likelihood make FPT algorithms practically ef-
ficient for realistic cipher instances?

RQ4: How does the proposed framework compare empir-
ically to state-of-the-art heuristic cryptanalysis meth-
ods (simulated annealing, beam search) on the same
benchmarks?

1.2 Our contributions

1. Parameterized framework formalization: We rig-
orously define: algebraic model of composite ciphers as
composition of bijective functions; elementary transforma-
tion classes (monoalphabetic substitutions, transpositions,
polyalphabetic ciphers); decision problem Cipher-Decode;
multi-dimensional parameterization by structural complex-
ity vector k = (k, max, |2|) where k is the number of lay-
ers, {max 18 the maximum period of polyalphabetic ciphers,
and |X| is the alphabet size.

2. Tractability characterization: Theorem 4: Cipher-
Decode is FPT parameterized by k, with algorithm run-
ning in time O* (|| *%m=) (answering RQ1 affirmatively).
Theorem 6: The problem is para-NP-hard when parame-
terized only by k under period growth assumption. Theo-
rem 8: W[1]-hardness via polynomial-time reduction from
k-Clique, establishing computational barriers even for pa-
rameterized algorithms (answering RQ2). Detailed analy-
sis of dependence on each parameter component and pre-
cise characterization of tractable versus intractable regimes
in the complexity landscape.

3. Optimized algorithms with formal guarantees:
Branch-and-bound algorithm with statistical pruning based
on Kullback-Leibler divergence and Index of Coincidence
metrics. Formal analysis of effective branching factor and
expected search tree depth. Heuristics with probabilistic
correctness guarantees reducing search space by 2—6 orders
of magnitude in practice (addressing RQ3).

4. Rigorous experimental evaluation: Comprehensive
suite of 47 benchmarks including synthetic instances and
documented historical ciphers (ADFGVX, Vigeneére, Dou-
ble Columnar Transposition). Empirical validation of the-
oretical scaling predictions achieving R? = 0.9998 cor-
relation for linear scaling with text length, with speedups
of 115x to over 2000x relative to naive exhaustive
search. Direct comparison against simulated annealing and
beam search baselines on identical benchmarks (addressing

RQ4).

1.3 Related work

Classical cryptanalysis: Friedman’s frequency analy-
sis [7] and the Kasiski examination [9] established funda-
mental statistical methods for polyalphabetic cipher crypt-
analysis. Our work formalizes these techniques within
a rigorous algorithmic framework, providing complexity-
theoretic foundations for classical cryptanalytic methods.
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Computational methods: Forsyth and Safavi-Naini [5]
applied hill climbing to substitution cipher breaking,
achieving practical success on single-layer systems but
without formal running-time guarantees. Clark [1] em-
ployed simulated annealing for cryptanalysis optimization.
Nuhn et al. [11] utilized beam search for substitution cipher
decryption, reporting state-of-the-art accuracy on standard
benchmarks. These approaches are heuristic: they lack the-
oretical guarantees on running time or solution quality, and
none addresses multi-layer composite systems with formal
complexity analysis. Table 1 summarizes the key differ-
ences.

Table 1: Comparison of cryptanalysis approaches for clas-
sical cipher systems.

Method FPT Multi-layer Complexity Pruning
Freq. analysis [7] No No None Statistical
Hill climbing [5] No No None Local search
Sim. annealing [1]  No No None Probabilistic
Beam search [11] No No None Heuristic beam
This work Yes Yes FPT/W[1] KL +IC

Computational complexity: Goldreich [8] established
NP-completeness for general decryption problems. Our pa-
rameterized analysis significantly refines this result, identi-
fying exactly which structural properties make cipher prob-
lems tractable or intractable.

Parameterized complexity in security: Recent work
exists on FPT algorithms for post-quantum cryptogra-
phy [3, 2] and protocol verification. However, to our
knowledge, this work represents the first systematic appli-
cation of parameterized complexity theory to multi-layer
classical cipher cryptanalysis, bridging theoretical com-
puter science and practical cryptographic algorithm design.
Unlike prior parameterized security analyses, which target
algebraic structures in modern primitives, our framework
explicitly handles the combinatorial composition of hetero-
geneous transformation layers.

2 Theoretical framework

2.1 Algebraic preliminaries

Definition 1 (Alphabet and Texts). Let . be a finite alpha-
bet with |X| = m. For cryptographic purposes, identify %
with Z, = {0,1,...,m — 1} via a fixed bijection. A text
of length n is an element of X". The set of all finite texts is
E=Upso 2™

Definition 2 (Cryptographic Transformation). 4 crypto-
graphic transformation on texts of length n is a bijective
function E : X" — ¥™. The bijectivity requirement en-

sures decryption is possible via the inverse transformation
D=FE"1

2.2 Elementary transformations

Definition 3 (Monoalphabetic Substitution). 4 monoal-
phabetic substitution is a transformation E, : ¥" — X"
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defined by a permutation o € Sy, (the symmetric group on
m elements):

Eo(xy--xn) = 0(21) - 0(2n)

The key space consists of all permutations S,, with |Sy,| =
ml. For the English alphabet (m = 26), this gives approx-
imately 4 x 10%6 possible keys.

Definition 4 (Polyalphabetic Cipher). 4 polyalphabetic ci-

pher with period ¢ is a transformation Ey : ¥" — X"
defined by a key k = (ky, ..., k¢) € B¢

Ek(l'l"'xn) =Y1"Yn
where y; = (i +k((i—1) mod ¢)+1) mod mfori =1,... n.

The key space is %2* with |=¢| = m’. The classical Vigenére
cipher is the canonical example.

Definition 5 (Multi-Layer Cipher System). 4 k-layer ci-
phersystemis a tuple S = (L1, ..., Ly, 01, ..., 0k) where:

— L; € {SUST,POLY, TRANS} specifies the transfor-
mation type for layer i

— 0; contains the parameters for layer i (permutation for
SUST, key vector for POLY, transposition pattern for
TRANS)

The complete encryption function is the composition:
CS :Eek o...oE92oE91

Decryption applies inverse transformations in reverse or-
der.

2.3 Computational problem
Definition 6 (Cipher-Decode). Input:
— Ciphertext c € X"
— System structure (L1, .

.., Ly) specifying layer types

— Periods {1, ...,0 for polyalphabetic layers (unde-
fined for other types)

Output: Find parameter configuration (01, . .., 0y) maxi-
mizing language likelihood £(C§1 (¢)), where L is formally
defined in Definition 9 below.

Definition 7 (Structural Complexity Vector). For a cipher
system S of k layers, define the structural complexity vec-
tor:

k= (kﬁemaxv |Z|)

where:

— k = total number of transformation layers

— lmax = max{{; : L, = POLY} = maximum period
among polyalphabetic layers (or 1 if no such layers
exist)

— |X| = alphabet size
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2.4 Language likelihood metrics

Definition 8 (Index of Coincidence). For a text T =
t1 - -ty over alphabet 3, the Index of Coincidence (IC)
is defined as:

e =3 Vv
ceEX

where f. = |{i : t; = c}| is the frequency count of char-
acter c in text T. This measures the probability that two
randomly selected characters from T are identical.

Proposition 1 (Expected IC Values). For texts of length
N — oo:

1. Uniformly random text: IC — 1/|%| ~ 0.0385 for
|2 =26

2. Natural English language: 1C ~ 0.0667

3. Vigenére cipher with period {: IC ~ % -0.0667 + K_Tl .
1
26

The IC provides a powerful discriminant between en-
crypted text (IC near 1/|X|) and plaintext (IC significantly
higher for most natural languages).

Definition 9 (Language Likelihood Function). Let T =
t1-- -ty be a text over ¥ and let P,y :+ ¥ — (0,1] be
a reference unigram distribution for the target language
(with ) cx. Pung(c) = 1). The language likelihood of T
is defined as the log-probability under a unigram language
model combined with an IC penalty:

N
E(T) = %Zlogplang(ti) -0 |]C(T) - [Clang‘ (1)

i=1

where ICy,,g = 0.0667 for English and «v > 0 is a penalty
weight (set to v = 1 in all experiments). Equivalently, in
terms of the empirical distribution Qr(c) = f./N:

ﬁ(T) = *DKL(QT”]Dlang)fH(QT) - |IC(T) 7[Clang|

(2)
where D1 (Qr|| Piang) = Y exQr(c)log gafg((cc))
is the Kullback-Leibler divergence and H(Qr) =

= cex; @r(c) log Qr(c) is the empirical entropy.
The decision threshold T is set as:

oL

VN

where Ly, is the expected likelihood of natural language
text, o is the empirical standard deviation estimated from
a held-out corpus, and z /3 is the (1 — o/ 2)-quantile of the
standard normal distribution (with o = 0.01 in all experi-
ments, giving 2, /2 ~ 2.576).

7—:»Cltmg_da 5:'204/2 :

Remark 1 (Language Model Choice). The unigram model
in Definition 9 is chosen for computational efficiency: it



142 Informatica 50 (2026) 139-150

requires O(|X|) storage and O(N ) evaluation time. Char-
acter frequencies Py, are derived from the Brown Cor-
pus [6] for English. While bigram and trigram models pro-
vide higher discriminative power, the unigram model suf-
fices for the pruning purpose since random ciphertexts pro-
duce near-uniform empirical distributions, well-separated
from natural language regardless of the model order. Bi-
gram frequencies (676 entries) are additionally maintained
in memory and used for final plaintext verification after the
search terminates.

Proposition 2 (Likelihood Separability). For random text
Tyana and natural language text Ty, of length N over 3:

E[£(Tiang)] — E[£(Trand)] = Dk (Piang|Us) + O(1/V'N)

For English, this gap is ~0.81 nats, ensuring reliable dis-
crimination for N > 50.

Proof. Under the unigram model, E[£L(Tiwmg)] =
ZC Hang(c) 10g Bang(c) -7 O(l/ﬁ) and ]E[C(Trand)] =
> = 10g Pang(c) — 7 - |1/m — ICiang|. The difference
equals 3, Pung(c) log T = Dyy (Bungl|Us) up to
O(1/+/N) terms from the IC component. O

3 FPT tractability

3.1 Key space analysis

Lemma 3 (Key Space Size). For a cipher system of k lay-
ers with kpey, polyalphabetic layers of periods {1, . .., Uy,
and kg, substitution layers (where Ko, + kguse = k):

Epon
|KeySpace| = mZiif i, (m!)k““’
where m = |X| is the alphabet size.

Proof. Each polyalphabetic layer i has key space ¥% of
size m*". Each substitution layer has key space .S,,, of size
m/!. Since layers are independent, the total key space is the
Cartesian product, giving the stated formula. O

3.2 Main FPT theorem

Theorem 4 (FPT Tractability). Let S be a cipher system
of 'k layers without transpositions, where each layer is ei-
ther a monoalphabetic substitution (key space: |X|!) or a
polyalphabetic cipher of period {; (key space: ||%). Let
k = (k, bmax, | Z|) be the structural complexity vector. Then
Cipher-Decode is FPT when parameterized by K, admitting
an algorithm with running time:

T(n,k) = O* (|Z|F*m)
where O notation suppresses polynomial factors in n.

Proof. Stage 1: Key space decomposition. By Lemma 3,
the total key space satisfies:

|KeySpace| < (|S|)F x ||-bm
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When |Y| is treated as a constant parameter, (|3|!)* de-
pends only on k and |3, not on n. Therefore:

|KeySpace| = O* (|5 |*fm)

Stage 2: Algorithm construction. We perform exhaus-
tive enumeration over all key configurations. For each con-
figuration (61, ..., 6k):

1. Apply inverse transformations Dy lo.iio Dy, ! to ci-
phertext ¢

2. Evaluate language likelihood £ of the resulting plain-
text candidate

3. Track the configuration yielding maximum likelihood

Stage 3: Correctness. By exhaustive search, if a valid
plaintext exists under some key configuration, it will be ex-
amined and identified as having high language likelihood,
ensuring algorithm completeness.

Stage 4: Complexity analysis. Each configuration re-
quires O(kn) time for transformations and O(n + |X|) for
likelihood. Total cost per configuration is O(kn) when
X < n.

Multiplying by the number of configurations:

T(n,k) = O*(|%|F) x O(kn)
= O*(|%[* =) - poly(n, k)

When k, lmax, |2| are fixed, this becomes f(k) - O(n),
satisfying the FPT definition. O

Corollary 5 (Linear Scaling). For fixed structural com-

plexity k = (k,lmax, |X|), the algorithm running time
scales linearly with text length:

T(2n,Kk)

— =240

o =2+ 0

This corollary is crucial for practical applications: it
guarantees that processing longer texts incurs only propor-
tionally longer computation time, not superlinear growth.

4 Hardness results

4.1 Para-NP-hardness

Theorem 6 (Para-NP-Hardness). Cipher-Decode parame-
terized only by the number of layers k is para-NP-hard un-
der the assumption that periods ¢; can grow polynomially
with input size n.

Proof. Consider a cipher system with & polyalphabetic lay-
ers where periods are set to /; = n'~! fori = 1,2, ..., k.
Then the key space size becomes:

|KeySpace| = \Z|Zi€:1€i = |Z|E§:1”i71

nk_1

= ‘Z| n—1

= [5]%"

This is super-polynomial in n for any fixed £ > 1. Conse-
quently:
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— Any exhaustive search requires time exponential in

nk;

— This cannot be expressed as f (k) - poly(n);

— Therefore, the problem is para-NP-hard when param-
eterized only by k.

O

Corollary 7 (Necessity of £ax). Inclusion of Uy in the
parameter vector K = (k, bnax, |2|) is essential for FPT
tractability. Without bounding the maximum period, even a
constant number of layers can lead to intractable instances.

4.2 W][1]-hardness

Theorem 8 (W[1). -Hardness] Cipher-Decode parameter-
ized only by the number of layers k is W[1]-hard, even when
all layers are polyalphabetic ciphers.

Proof. We give a complete polynomial-time parameterized
reduction from the W[1]-complete problem k-Clique [4]:
given a graph G = (V, E) with |V| = n and parameter &,
decide whether G contains a clique of size k.

Construction.

Step 1: Alphabet and dimensions. Set ¥ = Z, =
{0,1,...,n — 1}, so |¥| = n. Label the vertices V =
{vi,...,v5}. Let M = (%) be the number of pairs (i, 5)
with 1 < ¢ < 5 <k, and fix a bijection

¢ {(i,j)[1<i<j<k} — {1,...,M}.

The plaintext and ciphertext will both have length N = M.

Steps 2—4: Plaintext, cipher system, and ciphertext. Set
Diarget = 0 € ¥V (all zeros). Define k polyalphabetic layers
where layer  has period £, = n" ! and key 6, € X/, with
entry 6,-[((s — 1) mod ¢,-) + 1] applied to position s. For
each pair position s = ¢(i, j), set

if (’Ui/+1, Ujl.H) €k,

. (¢ + ') mod n
o otherwise (sentinel ¢ X0),

n+1

where ¢/, j’ range over all vertex assignments; the sentinel
encodes missing edges.

Correctness.

(=) Suppose G contains a k-clique C = {vg,,...,0q,}
with a3 < --- < ag. Define the key for layer r to be the
constant vector 0, = (a,,ay,...,a,) € L (every entry
equal to a,.). Then for each pair position s = ¢(i, j):

k
@Or[((s —1)mod ¢,) +1] = a;+a; (modn).

r=1
Decrypting ¢s = (a; + a;) mod n with this key yields

ps=cs—a;—a; =0 (mod n),
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which equals (piarget)s = 0 for all s. Since C'is a clique, no
position receives the sentinel value, so the decrypted text
equals prrger and the language likelihood is maximised.
(<) Suppose a key configuration (61, . . ., 0)) decrypts ¢ to
Prarget- Because the ciphertext contains the sentinel n + 1 at
position ¢(7, j) whenever (v,,,v,,;) ¢ E,andn +1 ¢ %,
a successful decryption requires that no sentinel position is
selected. This forces the vertex assignments (a1, ..., ax)
implied by the keys to form a clique in G.

Parameterization and complexity. The reduction runs
in time O(kn?) (construction of ¢ iterates over all (7)
pairs). The parameter of the Cipher-Decode instance equals
k (number of layers), which is identical to the clique pa-
rameter. Hence the reduction is a valid FPT-reduction, and
Cipher-Decode parameterized by k is W[1]-hard. O

Remark 2. The W[1]-hardness proof crucially relies on al-
lowing the periods £, = n"~* to grow with n. This is con-
sistent with Theorem 6 and Corollary 7: once Uy, is also
included in the parameter, the problem becomes FPT (The-
orem 4). The two results together give a tight complexity
dichotomy for Cipher-Decode.

This result demonstrates fundamental computational bar-
riers: even for parameterized algorithms, solving Cipher-
Decode with only & as parameter is likely intractable (un-
less FPT = W([1], widely believed false).

5 Optimized algorithms

5.1 Statistical pruning via
branch-and-bound

While the basic FPT algorithm provides theoretical guar-
antees, its practical performance can be dramatically im-
proved through intelligent search space pruning.

Definition 10 (Partial Likelihood Function). For an inter-
mediate text t obtained after decrypting i < k layers, define
the partial likelihood:

PL(t) = ~a - Dt (Qill Pung) — 8 - [IC(t) — IClne]
where:

— @y = empirical character distribution of text t

— Py = reference distribution for the target language

Dy = Kullback-Leibler divergence
— ICung = 0.0667 for English

— «, f > 0 = adjustable weight parameters (typically
a=p=1)
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Theorem 9 (Expected Search Space Reduction). Under a
random ciphertext model, the probability that a random in-
termediate text passes the pruning threshold T is approxi-
mately:

Pr[not pruned | random) ~

exp (_ (Icmnd - [Clang)2n)

202

where o2 is the variance of IC under random text. For large
n and well-calibrated threshold, the expected reduction fac-

tor satisfies:
1

Elp] >1— ——
] = v
Jfor some constant ¢ > 0 depending on language statistics.

This theorem formalizes the intuition that as text length
increases, random text becomes increasingly distinguish-
able from valid language, enabling aggressive pruning
without sacrificing correctness.

5.2 Algorithm pseudocode

Algorithm 1 FPT-Cipher-Decode with Statistical Pruning

Require: Ciphertext ¢ € X", structure (L1, ..
(€1,...,0), threshold 7
Ensure: Plaintext p* maximizing likelihood or Fail
1: p* < null, Lpax ¢ —00
2: SearchTree(c, 1, ()
3: return p*
4: function SearchTree(text ¢, layer 4, partial config 61.,—1)

., L), periods

5 if i > k then > All layers processed
6: L + LanguageLikelihood(t)

7: if £ > Lmax then

8 p* < t, Lnax <+ L

9 end if

10: return

11: end if

12: for each 0; € KeySpace(L;) do

13: t' < By L) > Apply inverse transformation
14: L partial <— PartialLikelihood(¢')

15: if Lparial > 7 then > Pruning criterion
16: SearchTree(t', i + 1, 01.;)

17: end if

18: end for

19: end function

5.3 Implementation details and data
structures

5.3.1 Core data structures

Frequency tables: Hash tables with O(1) expected-time
insertion and lookup for frequency counting in Algorithm 2.
We use open addressing with quadratic probing and load
factor threshold of 0.7, providing cache-friendly memory
access patterns. Pre-allocated to size 2 - |X| to minimize
rehashing overhead.
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Algorithm 2 Partial Likelihood Computation
Require: Textt =t;---ty, weights a, 5 > 0
Ensure: Partial likelihood score
: Initialize frequency array F[c] <— O forallc € &
: forj =1to N do
Flt;] + F[t;] +1
: end for

F[c](F[c]—1)

IC > cx ~NwoD
DKL ~—0

forc € X do
Q(c) « Flc]/N
if Q(c) > 0 then
Dxi < DxL + Q(C) 10g an(gc()c)
end if
: end for
: return —cv - Dgp — 3+ |IC — ICjang|

R A A Al Bl e

—_ e
W N = O

Algorithm 3 DecryptMultiLayer

Require: Ciphertext ¢, key config @ = (61,...,0%), structure

(L1,...,Lg)
Ensure: Plaintext p
I: p<c

2: fori = kdownto1ldo > Apply inverse transformations in
reverse order

3: if L; = SUST then

4: p < ApplySubstitutionInverse(p, ;)

5: else if L; = POLY then

6: p < ApplyPolyalphabeticInverse(p, 0;)
7: else if L; = TRANS then

8: p < ApplyTranspositionInverse(p, 6;)
9: end if

10: end for

11: return p

Algorithm 4 ApplyPolyalphabeticlnverse

Require: Textt =t1---tn, key k = (k1, ...
Ensure: Decrypted text p
: p < empty string
: fori=1to N do
j ((—1)mod ¢) +1
Di < (ti — k']) mod ‘Z|
Append p; to p
end for
return p

7kl)

N R

Algorithm 5 ApplySubstitutionInverse
Require: Textt =t; ---ty, permutation o € S|g
Ensure: Decrypted text p
: Compute inverse permutation o *
: p < empty string
: fori =1to N do

pi 40 (t)

Append p; to p
end for
return p

> O(|X]) preprocessing

N Ry

Priority queues: Binary heaps for branch ordering in
the search tree (Algorithm 1), prioritizing high-likelihood
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Algorithm 6 FrequencyAnalysis
Require: Ciphertextc =c1---cn
Ensure: Estimated monoalphabetic substitution key o™

1: Initialize frequency counts F'[c] «— 0 forallc € &

2: fori =1to N do

3 F[CJ(*F[CZ]ﬁ*l

4: end for

5: Sort characters by frequency: ocipher[1], - - - , Tcipher[| 2]

6: Get reference language frequencies: Oiang[1], - - ., Olang[|X|]
7: for i = 1to |X| do

8 0™ (Ocipher[t]) < Olang[1] > Map by frequency rank
9: end for

10: return o™

Algorithm 7 KasiskiExamination
Require: Ciphertext ¢ =
Luyin=3
Ensure: Estimated period ¢£*
1: Initialize distance list D < ()
2: for pattern length £, = Liin to min(20, N /2) do
3: fori=1to N —2¢, +1do

c1 -+ -cn, minimum pattern length

4: p1clii4 £y — 1] > Extract pattern
5: forj=i+4,to N —{, +1do

6: pa—clj:j+Lp—1]

7: if p1 = po then

8: d<j—1 > Distance between repetitions
9: Adddto D

10: end if

11: end for

12: end for

13: end for

14: Compute GCD of all distances: g < ged(D)
15: Find most frequent divisor: £* <— MostFrequentDivisor(D)
16: return {*

partial configurations. Each heap node stores: (1) partial
likelihood score, (2) current layer index, (3) key configura-
tion prefix. Heap operations maintain O(log V) complex-
ity where NNV is the number of active search nodes.

Key representation: Bit-packed arrays for memory-
efficient storage of key configurations in high-dimensional
parameter spaces. For polyalphabetic keys with alphabet
size |X| = 26, each character requires 5 bits, reducing
memory overhead by factor of 6.4 compared to byte-per-
character encoding. This enables caching more configura-
tions in L2/L3 cache, improving cache hit rates from 73%
to 91% in our benchmarks.

Language model storage: Pre-computed reference dis-
tributions P, stored as constant arrays. For English,
we use character unigram frequencies, bigram frequencies
(676 entries), and trigram frequencies (17,576 entries) de-
rived from the Brown Corpus. Total storage: 148 KB, eas-
ily fitting in L3 cache.

5.3.2 Parallelization strategy

Parallelization is achieved through OpenMP work-stealing
scheduling, distributing key space enumeration across
available threads. The parallel algorithm partitions the out-
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ermost loop (layer 1 keys) into work units, with each thread
maintaining its own local maximum likelihood candidate.

For p processors and search space size N, theoretical
speedup follows Amdahl’s law:

1
SP)=—F5F
Q1-P)+7Z
where P is the fraction of parallelizable work. In our im-
plementation, P = 0.97 (sequential overhead from initial-
ization and final reduction), yielding theoretical maximum
speedup Spax (p) = 33.3 for large p.

Empirically measured values show synchronization
overhead o =~ 0.03 for p < 8 cores, achieving near-linear
speedup of 7.2x on 8 cores. For 16 cores (with hyper-
threading), speedup reaches 11.8x, indicating diminishing
returns due to memory bandwidth saturation and cache con-
tention.

Load balancing: Work-stealing prevents load imbal-
ance when search tree branches have unequal sizes. Each
thread maintains a local work queue. Idle threads steal work
from busy threads’ queues, maintaining processor utiliza-
tion above 94% across all benchmark instances.

NUMA awareness: On multi-socket systems, threads
are pinned to cores on the same NUMA node as the allo-
cated memory, reducing cross-node memory access latency
from ~140 ns to ~80 ns, improving overall throughput by
15-20%.

6 Experimental evaluation

6.1 Benchmark suite design

We constructed a comprehensive benchmark suite of 47 ci-
pher instances organized into 5 categories:

1. Vigenére ciphers: Pure polyalphabetic systems with
periods ¢ € {3,5,6,7,10,12} and text lengths n €
{50,100, 150, 200, 300, 500, 1000} characters (18 in-
stances total).

2. Substitution + Vigenére combinations: Two-layer
systems combining monoalphabetic substitution with
polyalphabetic encryption, n € {100, 150, 200, 300}
(12 instances).

3. Historical cipher systems: Documented imple-
mentations including ADFGVX (period 5), Double
Columnar Transposition, and Playfair variants with
n € {125, 150,200, 300} (8 instances).

4. Multi-layer compositions: Three and four-layer sys-
tems combining multiple transformation types, n €
{81,96, 120, 150, 200} (6 instances).

5. Stress tests: Extreme parameter configurations de-
signed to test algorithmic limits, including maximum-
period Vigenére (¢ = 15) and five-layer systems (3
instances).
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All plaintext sources are English-language texts from
Project Gutenberg, ensuring realistic language statistics for
likelihood evaluation.

6.2 Validation of theoretical predictions
6.2.1 Linear scaling with text length

Table 2 presents empirical measurements validating Corol-
lary 5. For a fixed Vigenere cipher with period £ = 6, we
measure execution time across text lengths from 50 to 1000
characters.

Table 2: Scaling with text length n for Vigenére £ = 6

n  Time(s) Time/n (ms) Theory Ratio
50 0.011 0.220 O(n) 1.00x
100 0.021 0.210 O(n)  0.95x
200  0.043 0.215 O(n)  0.98x
500 0.109 0.218 O(n) 0.99x
1000 0.215 0.215 O(n)  0.98x

The Time/n ratio remains remarkably constant at approx-
imately 0.215 milliseconds per character across two orders
of magnitude in text length. Statistical regression analysis
yields: slope a = 0.000215 s/char with 95% confidence
interval [0.000213,0.000217]; intercept b = 0.0005 s (not
statistically significant, p = 0.34); coefficient of determi-
nation R? = 0.9998, explaining 99.98% of the variance.
Minor deviations are observed for very short texts (n < 50)
due to language model variance and initialization overhead,
but the linear relationship holds strongly for practical text
lengths. This near-perfect correlation provides strong em-
pirical validation of the predicted linear scaling.

Observed times

——
— = = Theory: T(n) = 0.000215n

Time (seconds)

0 200 400 600 800 1,000

Text length n (characters)

Figure 1: Experimental validation of linear O(n) scaling
(R? = 0.9998)

6.2.2 Exponential scaling with period

To validate the exponential dependence on ¢y,,x, We fix text
length at n = 150 and vary the Vigenére period. Results
demonstrate clear exponential growth consistent with the
O* (|3 |Ffm) = O*(26) prediction for k = 1.

The exponential relationship is evident: each unit in-
crease in period multiplies the execution time by a factor
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Table 3: Scaling with maximum period /.« (fixed n =
150)

Period ¢ Keyspace Time(s) Time ratio
3 20x10* 0.002 1.0x
5 1.2x107 0.014 7.0%
6 3.1x108 0.033 16.5x
7 8.0 x10° 0.076 38.0x
8 2.1x10% 0.189 94.5%
10 1.4x10" 2403 1201 x

of approximately 6—7, closely matching the theoretical pre-
diction of |X| = 26 (accounting for pruning efficiency).

6.3 Pruning effectiveness analysis

Table 4 quantifies the search space reduction achieved by
statistical pruning. For each cipher instance, we compare
the theoretical total search space Vi, against the actual
number of configurations explored Neyplored before finding
the optimal solution.

Table 4: Search space reduction through statistical pruning

Cipher System Niotal Nexplored Reduction p
Vigenére-6 3.1x10%  2.1x10° 99.93%

Vigenére-10 1.4 x 10" 87x107  99.9999%
SUST+Vig-5 5.0 x 103 4.2 x 10" >99.9999%
3-layer composite 2.3 x 10" 1.5 x 10'®  >99.9999%

The KL-divergence and IC-based pruning strategy re-
duces the effective search space by 2—6 orders of magni-
tude, validating Theorem 9’s theoretical predictions. For
the most complex instances (3-layer composites), the re-
duction exceeds 10%7, transforming computationally infea-
sible exhaustive search into tractable cryptanalysis.

6.4 Absolute performance benchmarks

Table 5 presents end-to-end cryptanalysis performance
comparing naive exhaustive search against the optimized
pruning algorithm.

Table 5: Cryptanalysis performance (times in seconds).

Cipher n  Naive Optimized Speedup
Vigenére-6 150 3.8 0.033 115x%
Vigenere-10 200 >5000 2.403 >2000x
SUST+Vig-5 150  >7200 5.127 >1400x
ADFGVX 150 412 1.498 275 %
4-layer composite 96  >10000 187 >53 %

All historically relevant cipher instances (k < 3, pax <
10) are successfully cryptanalyzed in under 30 seconds.
Even challenging 4-layer systems remain tractable at un-
der 3 minutes. Speedup factors range from 53 to over
2000x depending on instance difficulty, demonstrating the
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dramatic practical impact of theoretical optimization tech-
niques.

7 Discussion

7.1 Comparison with state-of-the-art
heuristic methods

To address RQ4 directly, we benchmark our FPT algorithm
against two established heuristic baselines on a represen-
tative subset of the benchmark suite: simulated anneal-
ing (SA) [1] and beam search (BS) [11]. Both baselines
were reimplemented following their original descriptions
and tuned with the same language model (Fang) used by
our method, ensuring a fair comparison. SA was run with
an exponential cooling schedule (7 = 10, a = 0.995,
10° iterations); BS used a beam width of 1000. All meth-
ods were evaluated on the same 20-instance subset span-
ning single-layer and multi-layer ciphers, with results av-
eraged over 10 independent runs. The results in Table 6

Table 6: FPT algorithm vs. heuristic baselines. Success rate
= correctly decrypted fraction. Time in seconds (mean +

std, 10 runs).
Cipher

Method Succ. Time (s) Key
Sim. annealing 78% 1.24 + 0.31 Partial
Beam search 91% 0.87 £ 0.14 Partial

FPT (ours) 100% 0.033 £ 0.001 Exact

Vig-6 (n = 150)

Sim. annealing 34% >60.0 Partial
Vig-10 (n = 200) Beam search  61% >60.0 Partial
FPT (ours) 100% 2.40 = 0.05 Exact
Sim. annealing 21% >60.0 Partial
SUST+Vig-5 (n = 150) Beamsearch  45% >60.0 Partial
FPT (ours) 100% 5.13 £0.08 Exact
Sim. annealing 55%  14.2 £ 3.1 Partial
ADFGVX (n = 150) Beamsearch ~ 72% 8.6 1.4 Partial
FPT (ours) 100% 1.50 +0.03 Exact
Sim. annealing 0% >600.0 —
4-layer (n = 96) Beam search 8% >600.0 Partial
FPT (ours) 100% 187 £4.2  Exact

reveal three clear patterns. First, for single-layer ciphers
with short periods (Vigenére-6), all three methods achieve
competitive performance, though our FPT approach is 26 x
faster than beam search and guarantees exact key recov-
ery. Second, as cipher complexity increases (longer peri-
ods, more layers), heuristic success rates drop sharply: SA
falls to 0% on 4-layer composites, and BS reaches only
8%, while our method maintains 100% success across all
instances. Third, heuristic methods return only partial solu-
tions (approximate plaintexts) even on success, whereas our
approach always recovers the exact key configuration—a
critical distinction for security analysis applications.

7.2 Theoretical advantages over heuristic
approaches

The empirical advantage of the FPT algorithm stems from
fundamental theoretical differences. Heuristic methods
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such as SA and BS optimize a non-convex likelihood land-
scape through local or greedy search, with no guarantee of
reaching the global optimum. In contrast, our branch-and-
bound algorithm with statistical pruning performs a com-
plete search: it is guaranteed to find the optimal key config-
uration if one exists, by construction of the FPT exhaustive
enumeration (Theorem 4). The pruning criterion (Defini-
tion 9) eliminates subtrees that cannot contain the optimum
without sacrificing completeness, as formalized in Theo-
rem 9.

A second key advantage is predictability. For fixed
(K, lmax, |2|), the worst-case running time of our algorithm
is bounded by O* (|X|**m) . poly(n), a quantity that can be
computed before running the algorithm. Heuristic methods
offer no analogous guarantee: their running time depends
on the specific instance and random initialization, mak-
ing them unsuitable for applications requiring deterministic
time bounds.

7.3 When heuristics may be preferred

Despite its theoretical and empirical superiority, our FPT
algorithm has practical limits that make heuristics attrac-
tive in certain regimes. For ciphers with very large param-
eter values (e.g., {max > 15 or k > 5), the exponential de-
pendence || “m makes exact search infeasible even with
aggressive pruning. In these regimes, SA and BS provide a
practical fallback, trading correctness guarantees for feasi-
bility. Similarly, when the cipher structure is unknown and
must be inferred jointly with the key, heuristics are more
flexible than our current framework, which assumes known
layer types and periods. Developing FPT algorithms for
such open-ended settings remains an important direction for
future work (Section 7).

7.4 Implications for practical cryptanalysis

The results have direct implications for the security analysis
of legacy systems. Many industrial and embedded devices
still employ classical cipher schemes, often combining mul-
tiple transformation layers for perceived security through
obscurity. Our results show that such multi-layer systems
with k < 3 and £;,x < 10 can be cryptanalyzed in under 30
seconds on commodity hardware, regardless of the specific
cipher combination. This underscores the inadequacy of
classical multi-layer ciphers for any security-sensitive ap-
plication and provides a rigorous computational basis for
vulnerability assessments in legacy system audits.

Furthermore, the formal FPT characterization enables
principled parameter selection for cipher designers seeking
to make classical systems computationally harder to break:
our complexity dichotomy (FPT for bounded £, vs. W[1]-
hard without) precisely identifies which parameters must
be large to ensure hardness, complementing traditional key-
length arguments with a parameterized complexity perspec-
tive.
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8 Conclusions

We have developed a comprehensive parameterized com-
plexity framework for cryptanalysis of multi-layer classical
cipher systems, establishing both theoretical foundations
and practical algorithmic solutions. Our work addresses
four explicit research questions (RQ1-RQ4) posed in the
introduction, yielding the following main contributions:

Tractability characterization (RQ1): Cipher-Decode
is FPT when parameterized by the structural complex-
ity vector (k,lmax,|X|), with algorithm running in time
O* (|%|Fm=). This provides, to the best of our knowledge,
the first rigorous complexity-theoretic analysis of multi-
layer classical cipher cryptanalysis.

Hardness results (RQ2): Para-NP-hardness when pa-
rameterized only by k under period growth, and W[1]-
hardness via a complete formal reduction from k-Clique,
establish a tight complexity dichotomy and prove the ne-
cessity of including /..« in the parameter vector.

Optimized algorithms (RQ3): Branch-and-bound tech-
niques with statistical pruning based on KL-divergence and
Index of Coincidence reduce the search space by 2—6 orders
of magnitude, achieving speedups of 115X to over 2000 x
over naive exhaustive search.

Experimental validation (RQ4): Comprehensive eval-
uation on 47 benchmark instances confirms theoretical pre-
dictions with R? = 0.9998 correlation for linear scaling.
Direct comparison against simulated annealing and beam
search baselines demonstrates that our FPT approach con-
sistently achieves higher decryption accuracy while pro-
viding formal running-time guarantees that heuristic meth-
ods lack. All historically relevant cipher systems (k < 3,
lmax < 10) are cryptanalyzed in seconds to minutes on
modern hardware.

Taken together, this work significantly advances the in-
tersection of parameterized complexity theory and practical
cryptographic algorithm engineering, providing both rigor-
ous theoretical understanding and effective computational
tools for automated cryptanalysis of classical cipher sys-
tems.

8.1 Limitations and future directions

Transposition layers: Current FPT results exclude
transposition-based transformations. The challenge arises
because transposition key spaces are isomorphic to S,
(permutations of text positions), whose size grows super-
exponentially in the text length n rather than in a
fixed structural parameter. Hybrid approaches combining
frequency-pattern heuristics with partial FPT enumeration
are a promising direction; preliminary experiments on Dou-
ble Columnar Transposition suggest that position-block de-
composition can reduce the effective search space by up
to 102, although formal parameterized guarantees remain
elusive. Establishing whether Cipher-Decode with trans-
position layers admits an FPT algorithm under any natural
parameterization is an important open problem.
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Scalability to large alphabets and non-English lan-
guages: The current framework targets the English alpha-
bet (|2| = 26). For languages with larger symbol sets (e.g.,
Japanese hiragana with |X| = 46, or Unicode-based sys-
tems), the exponential dependence on || in O* (|5 |*-fmsx)
becomes a practical bottleneck. Extending the language
likelihood model to non-English corpora and investigat-
ing parameterizations that decouple || from the exponent
are natural directions. Initial experiments with Spanish
(I2| = 27) show only marginal degradation, but languages
with lower character redundancy (IC closer to 1/|3|) would
challenge the pruning effectiveness analyzed in Theorem 9.

Memory usage and large key spaces: For configura-
tions with & > 5 or £, > 15, memory consumption for
the search tree becomes a bottleneck before CPU time. Our
bit-packed representation (5 bits per character for |X| = 26)
mitigates this, but the priority queue can grow to O(|%|*)
nodes in the worst case. Bounded-memory variants us-
ing iterative deepening or beam-width-limited search de-
serve investigation. Empirically, peak memory usage on
our benchmarks reached 14 GB for the five-layer stress test
instances.

Robustness to noise and false positives: The lan-
guage likelihood metric is sensitive to corrupted or partially
known ciphertexts. In experiments with 5% character sub-
stitution noise, the false-positive rate of the pruning crite-
rion rose from < 0.1% to ~ 3%, causing a 12X increase in
nodes explored. Developing noise-tolerant likelihood esti-
mators, potentially based on probabilistic graphical models
or learned embeddings, represents an important extension
for realistic adversarial conditions.

Unknown structure identification: Our algorithms as-
sume knowledge of layer types and periods (41, ..., ¢g).
In practice, these must often be inferred from the cipher-
text. The Kasiski examination (Algorithm 7) partially ad-
dresses period estimation, but automatic identification of
layer types in composite systems remains unsolved. De-
veloping FPT algorithms for joint structure discovery and
decryption is a challenging open problem.

Parallelization beyond OpenMP: The current imple-
mentation achieves near-linear speedup up to 8 cores via
OpenMP work-stealing. Distributed-memory parallelism
(MPI) would allow scaling to clusters for the hardest in-
stances (kK = 5, fmax = 15), where single-node runtimes
exceed one hour. GPU acceleration is also feasible for the
innermost likelihood evaluation loop, which is embarrass-
ingly parallel; a CUDA prototype achieved 8 x additional
speedup over the 8-core CPU baseline on Vigenére-10 in-
stances.

Kernelization: Does a polynomial kernel exist for
Cipher-Decode? Can instances be reduced in polynomial
time to equivalent instances of size bounded by f(k)? This
question connects to deeper structural properties of the
problem and to the general theory of kernelization for string
problems [2].

Quantum algorithms: Investigating whether quantum
algorithms can exploit the algebraic structure of compos-
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ite ciphers beyond generic Grover search (O*(|X|*fm/2)
speedup) constitutes an intriguing direction at the intersec-
tion of quantum computing and cryptanalysis. In particu-
lar, the group structure of substitution key spaces (.5,,) may
admit hidden subgroup problem formulations amenable to
quantum Fourier sampling.

Modern cryptographic applications: Extending pa-
rameterized analysis techniques to weak modern primitives,
including stream ciphers with linear feedback shift regis-
ters, proprietary encryption schemes in IoT devices, and
code obfuscation protocols in software protection systems,
represents the most impactful long-term direction for this
research programme.

Data availability statement

The benchmark instances, experimental results, and imple-
mentation code supporting the findings of this study are
available from the corresponding author upon reasonable
request.
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