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Abstract

Context: Macromolecular structure prediction and con-
formational energy relaxation have historically relied on
stochastic heuristics, Monte Carlo sampling, and deep
statistical neural networks (e.g., AlphaFold), which are
stochastic or statistical in formulation and can have non-
zero predictive uncertainty, with computational costs
that depend strongly on the method and implementa-
tion. Objective: This work introduces the Determinis-
tic Symbiosis Engine, a closed-form, finite-state feedback
operator designed for autonomous energetic equilibrium,
mass convergence, and Euclidean distance geometry reso-
lution without stochastic variables or black-box heuristics.
Method: The state operator T : (E, M) — (E', M)
acts as a non-linear piecewise dead-band contractor over
a designated energy interval Zgymp = [FEopt — €, Eopy + €.
We generalize 7 into an N-dimensional tensorial map
incorporating angular momentum tensors J and local
hydrodynamic dissipation matrices I'. Results: We
prove that for 2¢ > max(AFEi,c, AFEq4ec), limit cycles are
strictly precluded, yielding exact closed-form convergence
in K; steps. For a benchmark suite of 7 heterogeneous
molecular subunits, the maximum individual convergence
horizon is Kiotal = 4 under the stated parameters, with
Agdev = 0 in the fixed implementation. The perturbation
test returns to the dead-band in Kyt = 2 cycles un-
der the stated benchmark conditions. Conclusion: By
embedding 7 within Euclidean Distance Matrix (EDM)
completion via semidefinite algebraic constraints, this
framework demonstrates O(N) computational complex-
ity for uncoupled systems and a conditional Lyapunov
analysis for the coupled consensus dynamics, establishing
a deterministic foundation for computational structural
biophysics.

Keywords: Deterministic Dynamics, Finite-Time Con-
vergence, Dead-Band Control, Lyapunov Stability, Dis-
tance Geometry, Macromolecular Folding.

1 Introduction

The determination of macromolecular tertiary structure
and thermodynamic relaxation remains one of the foun-
dational challenges in biophysics. For decades, the domi-
nant paradigms have encompassed Molecular Dynamics

(MD) numerical integration [2], Markov Chain Monte
Carlo (MCMC) simulations [3], and deep generative net-
works [1]. While empirical predictive accuracy has ex-
panded substantially through overparameterized neural
architectures, these methods operate as probabilistic or
heuristic approximations possessing intrinsic stochastic
fluctuations and high algorithmic complexity (O(N?) to
O(N?3) per sweep).

In contrast, biological self-organization operates within
strictly bounded physical tolerances governed by local-
ized feedback mechanisms, mass transfer gradients, and
stereochemical invariance. This paper formulates the
Deterministic Symbiosis and Molecular Self-Regulation
Engine, an analytical finite-state feedback system. The
engine operates deterministically:

(i) It eliminates pseudo-random seeds and probabilistic
sampling, ensuring exact reproducibility (Agey = 0).

(ii) It establishes an analytic closed-form expression for
the discrete relaxation time K.

(iii) It enforces strict stability via piecewise dissipative
energy-mass maps over phase-space attractors.

The document is organized as follows: Section 2 defines
the fundamental 2D state space, operator 7, and con-
vergence results. Section 3 reports the benchmark suite
of 7 subunits and analyzes phase-space trajectories un-
der perturbation. Section 4 presents the N-dimensional
tensorial generalization incorporating angular momen-
tum and hydrodynamic damping. Section 5 derives the
computational complexity scaling. Section 6 gives a
conditional Lyapunov analysis of the coupled consensus
dynamics. Finally, Section 7 formulates the Euclidean
Distance Matrix (EDM) reconstruction problem.

2 Mathematical Formulation and
State Operator

2.1 State Vector and Symbiotic Target
Set

Let S = {e1,e9,...,en} denote an ensemble of N inter-
acting molecular subunits. The state of subunit e; at



discrete cycle k € Ny is parameterized by the vector:

(k)
k Ei
xM = (M-(k)> €R?, (1)

K3

where EZ.(]C) € R represents the effective conformational
energy (in arbitrary computational units or kcal/mol)
and Mi(k) € R denotes the effective subunit mass (in
Daltons, Da).

Definition 1 (Symbiosis Window / Decoupled Invariant
Set). Given an optimal baseline energy Eopy € R and
a half-tolerance bandwidth € > 0, the Symbiosis Target
Interval Zsymy, is defined as the compact subset:

Lsymb = [Eopt — €, Bopt + 6] CR. (2)
For the uncoupled operator T, the corresponding fixed
set in the (E, M) phase space is the cylinder Asymp =
Toymb X R, This invariance statement applies to the

decoupled operator; additional coupling terms require sep-
arate conditions.

2.2 Piecewise Discrete Transformation
Operator

The evolution of state xl(-k) across discrete cycles k — k+1

is governed by the nonlinear mapping 7 : R? — R?%:

BN 4 u (B
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3)

where the energetic controller u(E) and the mass transfer
controller v(E) are piecewise constant functions:

+AFEi,, if E< Eqy —¢ (accumulation),
w(E) = § —AFE4ec, if E> Eqp + ¢ (dissipation),
0, if £ € Zgymp (active symbiosis),
(4)
+AMine, if B < Eqpy — €,
V(E) = § =AM, if E > Eopq +e, (5)
0, if B € Zsymb-

The nominal calibration parameters investigated herein
are:

Eopt = 500.0, € =50.0 = Tyymp = [450.0, 550.0],
AEinc = 700, AMinc =5.0 Da,
AFEgec = 90.0, AMgee = 12.0Da.

(6)

2.3 Finite-Time Convergence and Non-
Oscillation Theorems

A critical requirement for deterministic stability is the
absence of boundary overshoot that could induce limit-
cycle periodic orbits across Zsymp.

Theorem 1 (Non-Existence of Limit Cycles). Let
AFEipn: > 0 and AEqec > 0. If the bandwidth of the
symbiotic attractor satisfies:

2¢ > max (ABiyc, ABqgec) (7)
then every trajectory of the uncoupled energy map reaches
Zsymb 0 finite time and remains there. Consequently,
the map has no periodic orbit of period p > 2.

Proof. Consider an initial energy in the accumulation
zone B < Eopt — €. Let k* be the smallest integer
such that E*") > Eopt — €. Prior to crossing, E® -1 <
Eopt — €. Applying the operator:

E*) = EF =D L AE < Eopt — € + ABie. (8)

To prevent an immediate overshoot into the dissipation
zone (E > Eqpy + €), we require:

Eopt — €+ AEinc < Eopt + € < AEinc < 2€. (9)

Similarly, for a state initialized in the dissipation zone
E© > Eopt + €, the first cycle m* entering E' < Eqpt + €
satisfies:

EM™) = B Y _ ABEyee > Eopt 4+ € — ABgee.  (10)

To avoid overshooting into the accumulation zone (E <
Eopt — €), We require:

Eopt + € — AEgec > Eopt — € <= AFEgec < 2e. (11)
Combining both inequalities yields condition (7). Since
2¢ = 100.0 and max(70.0,90.0) = 90.0 < 100.0, the first
transition from either exterior region cannot land beyond
the opposite boundary. The trajectory therefore enters
Zsymb in finite time and remains fixed because u(E) =0
for all £ € Zsymb. O

Theorem 2 (Closed-Form Convergence Index K;).
For any decoupled subunit e; initialized at XEO) =
(Ei(o), Mi(o))T with Mi(o) > 0 and, when EZ-(O) > Eopt + €,
Mi(o) — K;AMgee > 0, the exact number of iterations
K, € Ny required to reach active symbiosis is:

(Eopt — ©) = B,”

s EZ(O) < Eopt — €,

A-Einc
K; = E,L(O) - (Eopt + 6) (0) (12)
E E, ,
Al?der: ’ ¢ ” Pt e
07 EZ(O) € Z-symb~
For Ei(o) ¢ Zsymp, the terminal state xl(-oo) = XEKi) is
evaluated in closed form as:
EZ-(Ki) = EZ‘(O) + K; - sgn (Eopt - Ei(O)) -AE,,
; (13)
Mz( g = M1(0) + K; - sgn (Eopt - EZ(O)) : AM*,

where * € {inc,dec} is selected according to the initial
regime. If Efo) € Lsymb, then K; = 0 and xgoo) —x

(3



Proof. In the linear regime E;k) < Eopt, — €, the sequence
follows an arithmetic progression Ei(k) = Ei(o) + kAF;,.
The threshold condition Ei(k) > FEopy — € requires
kAEie > (Eopt — €) — E\”. Division by AFip, > 0
and ceiling quantization yields (12). An identical argu-
ment applies to the dissipation regime. [

The global convergence horizon for an uncoupled en-
semble S is:
K;.

Kiotal = max

14
i€{1,....,N} ( )

3 Benchmark Validation and Dy-
namic Stress Analysis

3.1 Deterministic Benchmark Suite

We apply operator T to a heterogeneous seven-element
benchmark suite S; = {M,..., M;}. Table 1 summa-
rizes the exact analytical trajectories and terminal states.

The global convergence horizon for the uncoupled
benchmark is rigorously given by:

Ktotal = maX(3a47073a450?0) =4 (15)

Thus Kiotal denotes the maximum individual convergence
horizon, not the sum of all per-subunit updates. For this
benchmark, >, K; = 14. The quantity Kiotal is there-
fore a completion horizon for the uncoupled ensemble.
All benchmark trajectories are deterministic under the
stated arithmetic implementation; the reported Agey = 0
denotes identical benchmark outputs under that fixed
implementation, not a universal bitwise guarantee across
all IEEE 754 hardware and compiler configurations.

3.2 Phase-Space Geometry

The (E, M) phase portrait decomposes into three parallel
affine vector fields:

(+70.0, +5.0)T,  E < 450.0,
V(E,M) =< (-90.0, —12.0), E > 550.0,
(0.0, 0.0)7, E € [450.0,550.0].

(16)
Trajectories represent piecewise straight lines in R? with
directional slopes:

AZ\finc 5 .
inc = =—~0.0714D 1
Oinc N 0.07 a/unit, (17)
AMgeo 12 ,
Tdee = Edlec = 5 ~01333Da/unit.  (18)

Because the vector field vanishes on Agymp, any orbit
terminating in Agymp is invariant for all & > K.

3.3 Dynamic Perturbation and Re-
silience Analysis

To evaluate resilience against non-equilibrium shocks, we
subject the stabilized node M3 (initially in equilibrium at
x3 = (500.0,130.0)) to an instantaneous thermal impulse:

6E = 42000 — x©  —

3,pert —

(700.0, 130.0Da)”. (19)

The perturbed node enters the thermal dissipation regime
(700.0 > 550.0). The analytical relaxation index is:

"700.0 — 550.0-‘
pert = | T ann

150.0
90.0

90.0} = [1.6667] = 2.
(20)

The deterministic discrete trajectory unfolds as follows:

k=0: x{” = (700.0, 130.0Da)”, (21)
k=1: x{” =(610.0, 118.0Da)”, (22)
(700.0 — 90.0, 130.0 — 12.0)7,  (23)

k=2: x{¥ = (5200, 106.0Da)”, (24)
(25)

(610.0 — 90.0, 118.0 — 12.0)T. (25

Because 520.0 € [450.0, 550.0], the subunit re-enters ac-
tive symbiosis at k = 2, demonstrating immediate self-
healing without propagating numerical instability.

4 Tensorial N-Dimensional Exten-
sion
To model macromolecules in viscous intracellular media,

the state space must encompass rotational degrees of
freedom and hydrodynamic coupling.

4.1 Extended State Tensor

Let the augmented state of subunit e; be represented by
the tensor tuple:

z® = ( (26)

) i

E® ) gk q(-k)) eH
where:
e F; € R is the conformational potential energy;
e M; € RT is the effective mass;

e J; € R3 is the rotational angular momentum vector
(J; = Lyw;, with inertia tensor I; € R3%3);

e T'; € R?*3 is the prescribed anisotropic hydrody-
namic drag tensor; for a spherical approximation
it reduces to I'; = 67nyeq R;I, while a nonspherical
tensor requires a separately specified hydrodynamic
model;

e q; € R3 is the centroid position in R3.

4.2 Coupled Tensorial Transformation
Operator

The continuous-time hydrodynamic torque balance with
deterministic discrete feedback yields the tensorial map:

(zE“) + f: Q; (z§’“>, zg.k)) , (27)

J#i

zM =z

% %



Table 1: Deterministic Trajectory and Convergence Benchmark for 7 Molecular Subunits under Operator 7T .

Subunit ID xgo) = (Eo, Mo) Operational Regime Calculated K; Entrance Cycle xgﬁ"al) = (Efinal, Mfina1)  Adev
My (300.0, 75.0Da)  Accumulation / Resonance [(450 — 300)/70] = 3 Cycle 3 (510.0, 90.0 Da) 0.000
M, (850.0, 180.0Da) Thermal Dissipation [(850 — 550)/90] = 4 Cycle 4 (490.0, 132.0Da) 0.000
Ms (500.0, 130.0 Da) Active Symbiosis 0 Cycle 0 (500.0, 130.0 Da) 0.000
My (250.0, 65.0Da)  Accumulation / Resonance [(450 — 250)/70] = 3 Cycle 3 (460.0, 80.0 Da) 0.000
Ms (900.0, 190.0Da) Thermal Dissipation [(900 — 550)/90] = 4 Cycle 4 (540.0, 142.0Da) 0.000
M (480.0, 115.0DDa) Active Symbiosis 0 Cycle 0 (480.0, 115.0Da) 0.000
M7 (550.0, 140.0 Da) Active Symbiosis 0 Cycle 0 (550.0, 140.0Da) 0.000

where the intrinsic self-regulation operator ¥ is defined
by the following 4 x 1 block vector:

u(E;)

v(E;)
~T I T A+ Teon ()

ViAt

¥ (Z;) - (28)

Here T'; is held fixed during this intrinsic update, while
Teorr(E;) is an internal restoring torque:

J.

Tcorr(Ei) = —FKrot Sgn(Ei - Eopt)m~
i

(29)

The mutual coupling tensor €2;; accounts for inter-
subunit hydrodynamic and electrostatic interactions:

~Va, Voot (lai — qj) - viAt
0
hyd
(a; —q;) x F7°At ,
O3x3
'uinscan;xtAt

Q= (30)

1
8mnri;

where ugsee“ = (I + f"”f'z;) is the hydrodynamic

Oseen tensor.

5 Computational Complexity Scal-
ing

Traditional molecular modeling methodologies require
extensive numerical integration:

e Classical Molecular Dynamics (MD): Requires
integrating Newton’s equations via Verlet-type al-
gorithms with time steps At ~ 107'%s. For an
assembly requiring relaxation over tg,,, the step
count is Syp = tgim/At ~ 106 — 10%. The pairwise
non-bonded force evaluation scales as O(N?) (or
O(N log N) with Particle Mesh Ewald).

e Markov Chain Monte Carlo (MCMC): Re-
quires Smc ~ 107 stochastic trial configura-
tions with acceptance ratio evaluations P =
min(1, e #2F) | yielding complexity O(Syc - N?).

Theorem 3 (Algorithmic Complexity of Symbiosis En-
gine). For an uncoupled ensemble of N elements, the

determination of all relaxzation times K; and asymptotic
(

states Xioo) has temporal complezity:

Cuncoupled = O(N)a (31)

with spatial memory complexity O(N). For an explicitly
coupled network evaluated across iterative cycles, the
complexity is:

Ccoupled =0 (Ktotal ' NQ) . (32)
Proof. Evaluating (12) requires exactly one division, one
ceiling operation, and one conditional branch per sub-
unit, executing in O(1) arithmetic operations. For N
subunits, total time is vazl O(1) = O(N). If a partic-
ular benchmark has a measured bound Kigia < Smp,
the corresponding operation-count ratio is:

. Cup SupN? _ Swup
Csymb KtotalN2 Ktotal

~10% - 107, (33)

This expresses an operation-count comparison under the
stated benchmark assumptions; it does not by itself
establish a wall-clock speedup for a particular implemen-
tation. O

6 Conditional Lyapunov Analysis
of Coupled Consensus Dynamics

The coupled model requires a distinction between the
finite-time absorption property of the uncoupled dead-
band map and the consensus dynamics induced by the
graph Laplacian. In particular, the Laplacian has a
zero eigenvalue associated with the consensus direction.
Therefore the coupling term alone contracts disagreement
modes but does not, in general, force the consensus value
to Eopt. The following result states the corresponding
Lyapunov property without imposing an unsupported
global convergence claim.

Definition 2 (Coupled Interaction Model). Let the en-
ergy state vector be E = (Ey, Es,...,Ex)T € RN, The
discrete update equation is

EC) —E® U (EW) —oLE®,  (34)
where U(E) = (u(E1),...,u(En))T, v > 0 is the cou-
pling gain, and L = Dgeg — W s the Laplacian of a

connected undirected graph, so that L = LT = 0 and
A1 (L) =0.

Proposition 1 (Consensus-Mode Contraction). Con-
sider the coupling-only dynamics

E*+Y — (1 - AL)E® (35)



with a connected undirected graph. If

0<vy< (36)

)\max(L) ’

then every non-consensus Laplacian mode is contractive.
More precisely, with

pi =1 —yAi(L), (37)
we have |p;| < 1 for every i > 2, whereas p; = 1. Hence

the average energy is preserved by the coupling step and
the disagreement component converges to zero.

Proof. Because L is symmetric, it admits the orthogonal
spectral decomposition L = QAQT, with 0 = \; < Ay <
-+« < An. The eigenvalues of I — L are p; = 1 — y\;.
Condition (36) gives —1 < u; < 1 for every ¢ > 2. The
consensus eigenvector is 1, for which y; = 1. There-
fore the component orthogonal to 1 decays geometrically,
while the consensus component is unchanged. Equiva-
lently, E*) converges to E 1, where E = N~11TE(©), O

Proposition 2 (Invariance of the Symbiosis Box under
a Sufficient Coupling Bound). Let

Bsymb = {E € RN ¢ |E; — Egp| <€, i=1,...,N}.

(38)
If the graph has mazximum degree dyax and

0<y<

; (39)

dmax

then the coupling matriz P =1 — L is nonnegative and
row-stochastic. Consequently, Bsymy s invariant under
the coupling-only step. If the dead-band controller is zero
throughout the box, the full update coincides with this
coupling step while the trajectory remains in Beym.

Proof. For an undirected graph, P;; = 1 —yd; > 0 under
(39), while P;; = ~yw;; > 0 for ¢ # j. Each row sums to
one because L1 = 0. Thus each updated component is
a convex combination of the previous components. A
convex combination of values in [Eqp,—€, Eopy+€] remains
in the same interval, proving invariance of Bsymb. O

Remark 1. The two propositions separate two properties
that were previously combined. The dead-band map pro-
vides finite-time absorption for the uncoupled dynamics.
The Laplacian coupling provides asymptotic contraction
of disagreement modes under the spectral condition (36).
To conclude finite-time entry into Bsymp for the fully
coupled system, additional assumptions on the interac-
tion term and initial conditions are required. Likewise,
convergence to the specific value Eqp requires control of
the consensus component; coupling alone preserves the
mean and therefore does not provide such convergence in
general.

7 Application to Biomolecular Dis-
tance Geometry and Folding

7.1 Euclidean Distance Matrix (EDM)
Formulation

In structural bioinformatics, the complete tertiary con-
formation of a polypeptide or DNA macromolecule with
n atoms/residues is completely specified by its Euclidean
Distance Matrix D € R™*™ where:

D;; = ||r1-frj||§, Vi,j € {1,...,n}. (40)
A matrix D is an admissible EDM if and only if:
1. Dy =0and Dy; = Dj; > 0
2. The geometric centering matrix G = —%JnDJn

(where J,, = I, — %11T) is positive semidefinite

(G = 0) with rank(G) < 3 [5].

7.2 Deterministic Symbiosis Contact Re-
laxation

Instead of relying on deep neural network probabilistic
attention maps (e.g., Evoformer blocks in AlphaFold [1]),
the Symbiosis Engine relaxes an initial trial distance
matrix D(® directly toward physical van der Waals and
covalent contact bands:

I})jond _ [(dg?rget _ eij)Qa (dz?rget + fij)Q] 7 (41)
The distance evolution equation follows:
DE+D = T (D(’“) + Taist (D(’“))) . (42)

where Ilgs denotes a nearest-point projection onto the set
of admissible 3D Euclidean distance matrices. Because
the rank-3 constraint is nonconvex, the nearest point
need not be unique; a deterministic tie-breaking rule is
therefore part of the numerical specification:

IIgs (D) € argmin |[D — D|2%.
DeEDM3

(43)

The 3D Cartesian coordinates R = [ry,...,r,]T € R"*3
are extracted via Classical Multidimensional Scaling
(MDS) from the spectral decomposition of G, after retain-
ing the positive eigenvalues associated with the three-
dimensional embedding and applying a deterministic
eigenvector sign convention:

G =V3A;VT — R=V;AY% (44)
This defines a deterministic projection-contraction pro-
cedure. A claim of convergence within a fixed number
of global matrix sweeps, or a claim of reduced wall-clock
cost relative to another method, requires a separate nu-
merical benchmark and is therefore not asserted here as
a general theorem.



8 Conclusion

This study formulated and verified the Deterministic
Symbiosis and Molecular Self-Regulation Engine. The
mathematical framework delivers:

1. A fully deterministic, zero-deviation (Agey = 0)
state operator T that strictly avoids limit cycles
when 2¢ > max(AFEin, AFEdec).

2. An analytical closed-form formula for the relaxation
cycle count K, validated across a 7-element bench-
mark with a maximum individual convergence hori-
zon of Kigta = 4, with dynamic perturbation recov-
ery in Kpery = 2.

3. A tensorial generalization incorporating angular mo-
mentum vectors J and hydrodynamic damping T.

4. An O(N) closed-form evaluation for uncoupled relax-
ation indices, together with a conditional Lyapunov
analysis of the coupled consensus dynamics.

5. A deterministic EDM projection formulation whose
convergence and structural accuracy can be assessed
by separate numerical experiments.

The proposed engine provides a deterministic, mathemat-
ically transparent framework whose analytical properties
and computational performance can be tested indepen-
dently of probabilistic or heuristic methods. The present
manuscript distinguishes finite-time absorption of the
uncoupled dead-band map, asymptotic contraction of
disagreement modes under Laplacian coupling, and nu-
merical EDM reconstruction as separate claims with
separate evidentiary status.
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