Paper 3 — The Structural Definition of
Compression

0. Abstract

This paper defines compression as the downward structural operator that returns a coherent
structure from a higher layer to a lower layer while preserving identity and restoring
compatibility with lower-layer constraints. Compression is not simplification, summarization, or
information reduction. It is a controlled re-expression of a structure within a more constrained
representational space. The paper identifies the primitives required for compression, articulates
its essential properties, distinguishes it from reductive transformations, and provides
substrate-agnostic examples. The mechanism of compression is not introduced here; it is the
subject of Paper 4.

1. Introduction

Paper 1 defined abstraction as an upward structural operator that lifts a coherent substructure into
a higher layer while preserving invariants and coherence, expanding degrees of freedom, and
enabling new diagnostic capabilities. Paper 2 described the mechanism that performs this upward
transition.

This paper defines the complementary downward operator: compression.

Compression is not simplification, summarization, or information reduction. It is a structural
operator that returns a coherent substructure from a higher layer to a lower layer while
preserving identity, restoring compatibility with lower-layer constraints, and reducing degrees of
freedom in a controlled, structural way. Compression is the downward counterpart to abstraction,
but it cannot be understood as its inverse in any representational or computational sense. It is a
distinct operator with its own directionality, constraints, and structural requirements.

This paper focuses exclusively on horizontal compression: a single downward transition
applied independently to different substructures. Vertical compression—recursive downward
transitions across multiple layers—requires additional primitives and is not developed here

The goal of this paper is to define compression in a substrate-agnostic form. The mechanism of
compression is not introduced here; it is the subject of Paper 4. Duality between abstraction and
compression requires both operators and both mechanisms and is therefore deferred to Paper 5.



This paper provides the structural definition of the downward operator.

2. Why a Downward Operator Is Required

Abstraction lifts a coherent substructure into a higher layer, where it gains access to expanded
degrees of freedom and diagnostic capabilities. Once this upward transition has occurred, the
system must also be able to return the structure to the lower layer. Without a downward operator,
the system would accumulate structures in higher layers without any means of restoring
compatibility with the constraints of the base layer.

A downward operator is required for three structural reasons.
2.1 Restoration of Lower-Layer Constraints

The higher layer offers more degrees of freedom than the lower layer. A structure lifted into the
higher layer no longer conforms to the constraints of the base layer. To re-enter the lower layer,
the structure must be transformed in a way that restores compatibility with the representational
and operational limits of that layer. This restoration cannot occur through abstraction; it requires
a distinct downward operator.

2.2 Preservation of Identity Across Layers

A structure that has been abstracted must be able to return to the lower layer without losing its
identity. This requires a downward operator that preserves invariants and coherence while
reducing degrees of freedom. Without such an operator, the system would be unable to maintain
consistent identity across layers.

2.3 Completion of Cross-Layer Functionality

Layered systems rely on the ability to move structures both upward and downward. Abstraction
alone provides only half of the required functionality. A system that can lift structures but cannot
return them cannot maintain stable operation across layers. A downward operator is therefore
necessary to complete the bidirectional capacity of the system.

These requirements establish the need for a downward structural operator. The next section
identifies the primitives that make such an operator possible.



3. Structural Primitives Required for Compression

Compression requires a distinct set of structural primitives. Although it operates on the same
layered system as abstraction, its directionality and constraints differ. The primitives below
define the conditions under which a downward operator can exist. Without these primitives,
compression cannot be meaningfully defined.

3.1 Layers

Compression operates across layers of a system. The higher layer must support more degrees of
freedom than the lower layer, and the lower layer must impose constraints that the higher layer
does not. These asymmetries define the direction of the downward transition.

3.2 Structure

Compression acts on a coherent structure that has already been lifted into a higher layer. The
structure must retain its invariants and coherence from the upward transition. Compression does
not create new structures; it transforms existing ones.

3.3 Invariants

Invariants anchor identity across layers. A downward operator must preserve these invariants
during the transition. If invariants are lost or altered, the resulting structure in the lower layer is
no longer the same structure.

3.4 Coherence

Coherence refers to the stability of internal relationships within the structure. Compression must
maintain coherence while reducing degrees of freedom. If coherence is disrupted, the structure
fragments and cannot be expressed in the lower layer.

3.5 Constraint Restoration
The lower layer imposes representational and operational constraints that do not exist in the

higher layer. Compression must restore compatibility with these constraints. This restoration is
unique to the downward operator and has no analog in abstraction.



3.6 Controlled Degree-of-Freedom Reduction

The higher layer offers more degrees of freedom than the lower layer. Compression must reduce
these degrees of freedom in a controlled, structural way. This reduction is not simplification or
information loss; it is the re-expression of the structure within the limits of the lower layer.

3.7 Compatibility With the Lower Layer

The structure produced by compression must be expressible in the representational space of the
lower layer without distortion. Compatibility is a structural requirement: the lower layer must be
able to host the compressed structure as a stable entity.

3.8 Summary

Compression requires:

e layers with asymmetric constraints

e acoherent structure in the higher layer

e invariant preservation

e coherence preservation

e restoration of lower-layer constraints

e controlled reduction of degrees of freedom
e compatibility with the lower layer

These primitives define the structural envelope within which the downward operator can be
defined.

4. Formal Definition of Compression (Horizontal)

Compression is the downward structural operator that returns a coherent structure from a higher
layer to a lower layer while preserving identity and restoring compatibility with the constraints of
the lower layer. It is not simplification or reduction; it is a controlled re-expression of a structure
within a more constrained representational space.

Compression is defined by five structural properties.



4.1 Downward Directionality

Compression moves a structure from a higher layer to a lower layer. The higher layer offers
more degrees of freedom; the lower layer imposes stricter constraints. The operator must respect
this asymmetry. Compression is therefore a directionally constrained transformation.

4.2 Invariant Preservation

Compression must preserve the invariants that anchor the identity of the structure across layers.
These invariants were preserved during the upward transition and must remain intact during the
downward transition. If invariants are lost or altered, the resulting structure is no longer the same
structure.

4.3 Coherence Preservation

Compression must maintain the internal coherence of the structure. Coherence refers to the
stability of internal relationships and organizational patterns. If coherence is disrupted, the
structure fragments and cannot be expressed as a stable entity in the lower layer.

4.4 Restoration of Lower-Layer Constraints

The lower layer imposes representational and operational constraints that do not exist in the
higher layer. Compression must restore compatibility with these constraints. This restoration is
not optional; it is the defining requirement of the downward operator. A structure that cannot be
expressed within the limits of the lower layer has not been compressed.

4.5 Controlled Reduction of Degrees of Freedom

Because the higher layer offers more degrees of freedom than the lower layer, compression must
reduce these degrees of freedom in a controlled, structural way. This reduction is not
simplification, pruning, or information loss. It is the re-expression of the structure within the
narrower representational space of the lower layer. The reduction must preserve invariants and
coherence.

4.6 Stability in the Lower Layer

The result of compression must be a stable structure in the lower layer. Stability means the
structure:

e conforms to lower-layer constraints
e retains its invariants and coherence



e can participate in operations native to the lower layer

A structure that collapses, distorts, or requires reference to the higher layer to maintain identity
has not been successfully compressed.

4.7 Summary

Compression is the downward operator that:

e moves a structure from a higher layer to a lower layer

e preserves invariants

e preserves coherence

e restores lower-layer constraints

e reduces degrees of freedom in a controlled, structural way
e produces a stable structure in the lower layer

This definition completes the downward operator at the structural level. The mechanism that
performs this transformation is developed in Paper 4.

S. Essential Properties of Compression

Compression possesses a set of structural properties that distinguish it from other downward
transformations such as simplification, summarization, or information reduction. These
properties follow directly from the definition of the operator and from the primitives identified in
Section 3. They describe what compression is, not how it is performed.

5.1 Directional Asymmetry

Compression is directionally asymmetric. It moves a structure from a higher layer to a lower
layer, where the representational space is more constrained. This asymmetry is fundamental: the
operator must respect the difference in degrees of freedom between layers. Compression cannot
be reinterpreted as an upward or lateral transformation.

5.2 Invariant Preservation

Compression preserves the invariants that anchor the identity of the structure across layers.
These invariants were preserved during abstraction and must remain intact during the downward
transition. Invariant preservation ensures that the structure expressed in the lower layer is the
same structure that existed in the higher layer.



5.3 Coherence Preservation

Compression maintains the internal coherence of the structure. Coherence refers to the stability
of internal relationships and organizational patterns. A coherent structure in the higher layer must
remain coherent when expressed in the lower layer. If coherence is lost, the structure cannot be
stably represented in the lower layer.

5.4 Constraint Restoration

The lower layer imposes constraints that do not exist in the higher layer. Compression must
restore compatibility with these constraints. This restoration is not a secondary effect; it is a
defining property of the downward operator. A structure that cannot be expressed within the
limits of the lower layer has not been compressed.

5.5 Controlled Degree-of-Freedom Reduction

Because the higher layer offers more degrees of freedom, compression must reduce these degrees
of freedom in a controlled, structural way. This reduction is not simplification or information
loss. It is the re-expression of the structure within the narrower representational space of the
lower layer. The reduction must preserve invariants and coherence.

5.6 Diagnostic Contraction

The higher layer supports diagnostic operations that are not available in the lower layer.
Compression must contract these capabilities in a way that remains compatible with the lower
layer. Diagnostic contraction is not diagnostic collapse: the structure must remain analyzable
within the limits of the lower layer.

5.7 Stability in the Lower Layer

The result of compression must be a stable structure in the lower layer. Stability requires that the
structure:

e conforms to lower-layer constraints
e retains its invariants and coherence
e can participate in operations native to the lower layer

A structure that requires reference to the higher layer to maintain identity has not been
successfully compressed.



5.8 Independence Under Horizontal Composition

Compression must support independent downward transitions for different substructures.
Horizontal independence requires:

e no interference between compressed structures

e 1o shared state that couples downward transitions
e no cross-contamination of invariants or coherence
¢ no structural collisions in the lower layer

This property mirrors the independence required for horizontal abstraction.
5.9 Summary

Compression is characterized by:

e directional asymmetry

e invariant preservation

e coherence preservation

e restoration of lower-layer constraints

e controlled reduction of degrees of freedom
e diagnostic contraction

e stability in the lower layer

e independence under horizontal composition

These properties define the downward operator at the structural level. The mechanism that
satisfies these properties is developed in Paper 4.

6. What Compression Is Not

Because compression is a downward operator, it is often mistaken for other downward
transformations. Most of these transformations involve reduction, simplification, or information
loss. Compression is none of these. This section clarifies what compression is not, ensuring that
the operator remains conceptually distinct and structurally clean.

6.1 Not Simplification

Compression does not simplify a structure. Simplification removes detail or reduces complexity.
Compression preserves invariants and coherence while restoring compatibility with lower-layer
constraints. A simplified structure is not the same structure; a compressed structure is.



6.2 Not Summarization

Summarization produces a shorter or more compact representation by omitting information.
Compression does not omit information. It re-expresses the structure within the limits of the
lower layer while preserving identity.

6.3 Not Information Reduction

Information reduction decreases the amount of information contained in a representation.
Compression does not reduce information; it reduces degrees of freedom. These are structurally
different operations.

6.4 Not Pruning

Pruning removes components of a structure. Compression does not remove components. It
preserves the structure in full while expressing it in a more constrained representational space.

6.5 Not Coarse-Graining

Coarse-graining merges or aggregates elements to produce a lower-resolution representation.
Compression does not merge or aggregate. It preserves the internal relationships of the structure.

6.6 Not Dimensionality Reduction

Dimensionality reduction maps a structure into a lower-dimensional space, often with loss of
detail or precision. Compression does not reduce dimensionality in this sense. It restores
compatibility with the lower layer’s constraints while preserving invariants and coherence.

6.7 Not Quantization

Quantization discretizes continuous values. Compression does not discretize or approximate. It
re-expresses the structure within the representational limits of the lower layer without altering its
identity.

6.8 Not Aggregation

Aggregation combines multiple structures into a single representation. Compression operates on
a single coherent structure and preserves its individuality.



6.9 Summary

Compression is not:

e simplification

e summarization

¢ information reduction

e pruning

e coarse-graining

e dimensionality reduction
e quantization

e aggregation

These operations involve loss, omission, or alteration. Compression preserves invariants and
coherence while restoring compatibility with lower-layer constraints. It is a structural operator,
not a reductive transformation.

7. Substrate-Agnostic Examples of Compression

Compression is a substrate-agnostic downward operator. It applies to any layered system in
which a structure can be lifted into a higher layer and must later be returned to a lower layer
while preserving identity and restoring compatibility with lower-layer constraints. The examples
below illustrate how compression operates across different substrates without invoking
mechanisms or domain-specific interpretations.

Each example is presented strictly in terms of:

e downward directionality

e invariant preservation

e coherence preservation

e constraint restoration

e controlled reduction of degrees of freedom
e stability in the lower layer

7.1 Machine Learning Systems

A feature representation in a hidden layer must sometimes be expressed in the pixel-space layer.

e Downward directionality: The representation moves from a higher-dimensional feature
space to a more constrained pixel space.



e Invariant preservation: The identity of the represented pattern is preserved.
e Coherence preservation: Spatial relationships remain intact.
e Constraint restoration: Pixel-space constraints (locality, discretization) are restored.

e Controlled reduction of degrees of freedom: Feature-space flexibility is reduced to
pixel-space structure.

e Stability: The resulting pixel-space pattern is a coherent, valid image-layer structure.
7.2 Biological Regulatory Networks

A functional motif expressed at the network-motif layer must sometimes be expressed in the
molecular-interaction layer.

e Downward directionality: The motif is re-expressed in a more constrained biochemical
space.

e Invariant preservation: Causal relationships and timing constraints remain intact.

e Coherence preservation: The motif’s internal structure is preserved.

e Constraint restoration: Molecular-level constraints (stoichiometry, binding specificity)
are restored.

e Controlled reduction of degrees of freedom: Network-level flexibility is reduced to
molecular interactions.

e Stability: The resulting molecular pattern is a coherent, functional interaction sequence.
7.3 Distributed Systems

A protocol-level structure must sometimes be expressed in the primitive message-passing layer.

e Downward directionality: The structure moves from protocol semantics to primitive
operations.

e Invariant preservation: Ordering, dependency, and causality remain intact.

e Coherence preservation: The protocol’s internal relationships are preserved.

e Constraint restoration: Lower-layer constraints (message formats, timing, atomicity)
are restored.

e Controlled reduction of degrees of freedom: Protocol-level expressiveness is reduced
to primitive operations.
e Stability: The resulting message sequence is a valid, coherent lower-layer execution.

7.4 Mathematical Systems

A similarity class must sometimes be expressed as a concrete geometric configuration.



e Downward directionality: The structure moves from an equivalence class to a specific
instantiation.

¢ Invariant preservation: Ratios, angles, and relational invariants remain intact.

e Coherence preservation: The geometric relationships remain stable.

e Constraint restoration: Euclidean-space constraints (coordinates, metric structure) are
restored.

e Controlled reduction of degrees of freedom: Class-level freedom is reduced to a single
valid instance.

e Stability: The resulting configuration is a coherent geometric object

7.5 Cognitive-Independent Perceptual Systems

A relational structure must sometimes be expressed in the sensory-input layer.

e Downward directionality: The structure moves from a relational layer to a
sensory-compatible layer.

e Invariant preservation: Identity and continuity remain intact.

e Coherence preservation: Relational stability is preserved.

e Constraint restoration: Sensory-layer constraints (resolution, modality limits) are
restored.

e Controlled reduction of degrees of freedom: Relational flexibility is reduced to
sensory-layer structure.

e Stability: The resulting sensory-layer pattern is coherent and compatible with the lower
layer.

7.6 Summary

Across all substrates, compression:

e re-expresses a structure in a more constrained layer
e preserves invariants and coherence

e restores lower-layer constraints

e reduces degrees of freedom in a controlled way

e produces a stable structure in the lower layer

These examples demonstrate that compression is not domain-specific. It is a structural operator
that applies to any layered system.



8. Implications for the Mechanism of Compression

The structural definition of compression implies the existence of a mechanism capable of
performing the downward transition. This paper does not describe that mechanism, but the
properties of the operator place clear requirements on what such a mechanism must achieve.

Compression requires a process that can:

e preserve invariants during the downward transition

e maintain coherence while reducing degrees of freedom

e restore compatibility with lower-layer constraints

e re-express the structure within the representational limits of the lower layer
e produce a stable structure that can participate in lower-layer operations

These requirements follow directly from the definition of the operator. They do not specify how
the mechanism functions, but they establish the structural envelope within which it must operate.

The mechanism of compression must therefore differ from the mechanism of abstraction. It must
satisfy constraints that have no upward analog, such as constraint restoration and controlled
degree-of-freedom reduction. It must also avoid collapse, distortion, or loss of identity during the
downward transition.

Because the mechanism depends on the operator’s structural definition, it cannot be introduced
before the operator is fully defined. With the downward operator now established, the
mechanism can be developed without ambiguity or conceptual drift.

The mechanism of compression is the subject of Paper 4.

9. Conclusion

This paper defined compression as the downward structural operator that returns a coherent
structure from a higher layer to a lower layer while preserving identity and restoring
compatibility with lower-layer constraints. Compression is not simplification, summarization, or
information reduction. It is a controlled re-expression of a structure within a more constrained
representational space, preserving invariants and coherence while reducing degrees of freedom in
a structurally governed way.

By identifying the primitives required for compression and articulating the essential properties of
the operator, this paper established the downward side of the framework at the definitional level.
Compression was shown to be directionally asymmetric, invariant-preserving,
coherence-preserving, constraint-restoring, and stable under horizontal composition. These



properties distinguish compression from reductive transformations and ensure that the structure
expressed in the lower layer remains the same structure that existed in the higher layer.

The definition provided here implies the existence of a mechanism capable of performing the
downward transition. That mechanism must satisfy the structural requirements identified in this
paper, but its internal dynamics are not introduced here. With the downward operator now
defined, the mechanism can be developed without ambiguity or conceptual drift.

The mechanism of compression is the subject of Paper 4, which completes the bidirectional
account of cross-layer transformations and prepares the ground for the duality developed in
Paper 5.
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