
Universal Information Layers and Cross-Domain
Analogies
Understanding information technology layers from human-friendly domain names down to binary signals
– and drawing analogies to natural systems – reveals a cascade of abstractions. Each layer transforms and
optimizes data for the next, enabling efficient, almost  timeless and location-independent information
exchange. Below, we break down these layers and illustrate how domain names get resolved and routed
through networks, how bits are structured and processed in hardware (even at the level of physics), and
how striking parallels to thermodynamics, cosmology, and collective intelligence emerge.

From Domain Names to IP: High-Level Strings to Network Routing

Human users work with domain names (like example.com ), but computers need numeric IP addresses
to route data. The Domain Name System (DNS) bridges this gap by mapping names to IPs, since “words are
easier to remember than a string of numbers… so every resource has a unique URL… that makes it easy to get to
the intended resource” .  When you enter a domain in your browser,  a DNS lookup occurs to find the
corresponding IP address . This involves multiple steps and servers, as depicted below.

Figure: A simplified flowchart of the DNS resolution process (steps 1–8) and subsequent web request (steps 9–10). A
DNS recursive resolver queries root, TLD, and authoritative DNS servers to translate a domain name into its IP
address . Once the IP is obtained, the browser contacts the web server at that address to retrieve the page.

The above diagram shows how DNS abstracts a high-level name into a numeric address. The DNS resolver
(often your ISP’s server) iteratively queries: the Root DNS server (for the top-level domain like .com ), then
a TLD DNS server (for the second-level  domain),  then the domain’s authoritative DNS server,  ultimately
obtaining the A record (IPv4 address) for the hostname . This multi-step lookup is usually cached to
improve efficiency. In essence, DNS acts as a distributed directory: it takes the human-friendly string and
returns a machine-friendly number.

Once the IP address is known, the data request is handed to the networking system for routing. Routing
occurs through a hierarchy of networks using the IP address. Here another layer of abstraction ensures
scalability and reliability: global routing protocols (like BGP for inter-domain, OSPF for intra-domain) treat
the  IP  as  the  destination  and  find  a  path  through  the  network.  Routers  forward  packets  toward  the
destination IP, using algorithms that consider various metrics (hop count, latency, etc.) to optimize the path.
Many modern networks employ redundant mesh topologies so that multiple paths exist – this redundancy
means even if one route fails, another can be used, enhancing reliability . High-performance clusters
often use non-blocking topologies (like fat-tree Clos networks) to ensure all nodes can communicate at full
bandwidth  simultaneously .  In  a  non-blocking  switch,  for  example,  the  hardware  can  forward
packets on all ports at wire speed concurrently, preventing internal bottlenecks . This design, along with
mesh routing protocols, creates a “self-healing” network where traffic can be dynamically rerouted around
congestion or failures – much like a web that reweaves itself, maintaining connectivity.  Mesh networks are
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highly resilient: nodes can communicate via multiple neighbors without a central point of failure, yielding
“more reliable communications” even under interference or node outages .

Figure: Force-directed graph of a network with three clusters (groups of nodes in red, green, blue) interconnected
by  redundant  links  (grey  lines).  Such  mesh  meta-clusters illustrate  how  modern  network  topologies  provide
multiple  pathways  between clusters,  enabling  non-blocking,  robust  data  exchange.  If  one  link  or  node  fails,
alternative routes can carry the traffic, preventing isolation.

As data travels through routers, it may be transformed for efficiency or policy. For example, routers update
the Time To Live (TTL) field in each IP packet, decrementing it at every hop . This prevents packets from
circulating endlessly and is one way packets are “modified at routing” to optimize network function. Another
example is  network address translation (NAT),  where routers on the edge of  a private network replace
internal IPs with a single external IP – effectively rewriting packet headers. Such modifications are  non-
entropic in the sense that they are structured and intentional (not random noise),  aimed at improving
routing  efficiency  or  address  utilization.  They  do  not  add  uncertainty;  rather,  they  impose  order  (like
resetting TTL or mapping addresses) to ensure the packet reaches its destination promptly and correctly. At
a higher level, protocols like  multipath TCP or content delivery networks (CDNs) might even dynamically
choose or change routes mid-stream to balance load or reduce latency, again  optimizing performance
and energy usage in the network. All these mechanisms serve to make the journey from a domain name
query to an actual data retrieval as fast, reliable, and resource-efficient as possible.

Binary Encoding and Packet Structure (Data Link & Physical Layers)

After DNS resolution and routing decisions, the data is transmitted as binary packets. These packets have a
specific structure, with headers containing routing and protocol information and a payload carrying the
user data. Everything is ultimately encoded in bits (0s and 1s), which at the physical layer correspond to
electrical,  radio,  or optical  signals.  The abstraction here is that a sequence of bits – no matter how it’s
physically realized – can universally represent information.

Packet Structure: In the Internet protocol suite, the IPv4 packet is a fundamental unit of data. It has a well-
defined header format,  comprising fields like source and destination IP addresses,  sequence numbers,
flags, etc. The diagram below shows the IPv4 header layout in binary form, broken into fields:

Figure: Binary structure of an IPv4 packet header (bits 0–31 in each row represent 32-bit  words).  The header
contains  13  required  fields  (such  as  Version,  Header  Length,  Total  Length,  Protocol,  Source  and  Destination
address) and an optional Options field . Each field is encoded in binary – for example, the 32-bit Source
Address field holds the sender’s IP (e.g.  192.0.2.1 ), and the 16-bit Total Length field gives the packet size.
Routers and hosts read and modify some of these fields (like TTL at byte 8 ) as the packet travels through
the network.

This binary header is  typically followed by transport layer information (TCP/UDP headers)  and then the
payload data. The use of structured binary headers exemplifies layer abstraction: the IP layer doesn’t need
to know if the payload is a web page or an email – it just sees a sequence of bits addressed to a destination.
The link layer (Ethernet or Wi-Fi) further frames these packets into frames, adding its own headers (like MAC
addresses and error-checking CRC codes) in binary. At every hop, physical layer devices encode these bits
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into signals – for instance, high or low voltage, light pulses, or radio waves – and the process is reversed at
the receiver.

Crucially, because all higher-level information (like the domain name or an image file) is reduced to binary
sequences, it  becomes  machine-readable and transmittable. The interpretation of those bits depends on
context given by the layer: a sequence of bits could mean an IPv4 address if read in the Source Address
field, or pixel values if in an image payload. This contextual meaning is another form of abstraction – the
same underlying binary  data type (a bit  string) can represent vastly different things depending on the
schema at each layer.

At the lowest level,  logic gates and truth tables in hardware handle these bits.  Networking hardware
(routers, switches) and network interface cards use electronic circuits to implement forwarding logic. For
example, a router checks a packet’s destination bits against a table of bits (the routing table) to decide
where  to  send it  next.  These  decisions  are  essentially  boolean  logic  operations  realized  by  transistors
switching on/off (1/0) states.  The entire internet,  in fact,  boils down to an astronomical number of tiny
electronic  decisions  (AND/OR  comparisons,  additions,  memory  lookups)  happening  every  second  –  all
deterministic, table-driven processing of binary data. The emerging patterns at the macro level (like global
traffic flows, network congestion in a city, or trending content on social media) are an aggregate result of
countless such binary operations happening at the micro level. It’s a beautiful example of emergence: simple
operations (following truth tables, flipping bits) at component level scale up to extremely complex behavior
at the network level. Yet, because of the layered design, each component only “knows” about its layer – e.g.
a switch just knows it should forward a frame out port 3, not that it’s helping route a video stream from New
York to Lausanne.

Parallel Processing and Energy Logic (CPU/GPU Layer)

Moving up from the network, once data reaches a server or your computer, it’s processed by the CPU or
specialized  accelerators  (like  GPUs).  Modern  computing  often  relies  on  massive  parallelism to  infer
patterns  or  serve  many  requests  at  once.  For  instance,  web  servers  handle  thousands  of  concurrent
connections, and AI models run on GPUs that perform many operations in parallel. GPU threads are a great
example of  layering abstraction for performance:  a complex task (like rendering graphics or running a
neural network) is split into hundreds or thousands of threads that execute concurrently. These threads are
grouped into warps that execute in lockstep, sharing resources and cleverly hiding latency. In fact, “GPUs are
known as parallel processors because they perform tasks simultaneously… sub-tasks are executed at the same
time by multiple processing units… sharing resources to improve overall efficiency” . Groups of 32 threads (a
warp in NVIDIA’s design) execute the same instruction on different data, which “masks memory latency with
effective scheduling” and keeps the many cores of the GPU busy doing useful work . The result is high
throughput: many computations done per unit time.

This parallel design has an energy logic to it. Rather than one processor toggling at extreme speed (which
faces diminishing returns and high power dissipation), many smaller cores run slower in parallel to achieve
more work per joule. The energy consumed per operation can be lower if the work is split efficiently. The
concept of throughput per watt is key in modern computing – especially as we hit physical limits, it’s more
energy-efficient to compute in parallel. GPUs schedule threads in warps such that when some threads are
waiting on memory, others run, ensuring hardware units rarely sit idle (no energy wasted on idle circuits).
This approach aligns with minimizing entropy in a sense: in computing, an idle core with power leakage is
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“wasted energy” (increase in entropy without useful info processing),  so architectures try to keep every
transistor doing meaningful work as often as possible.

It’s worth noting that at the chip level, networks reappear in the form of on-chip interconnects. A many-core
CPU or GPU has a communication fabric (sometimes a mesh or crossbar network on chip) connecting cores
and memory banks. This is yet another repeated pattern: whether it’s the Internet or a multi-core processor,
data finds its way through networks – just scaled down to micrometers. Non-blocking communication is
desirable on-chip as well; for example, high-end network-on-chip designs ensure cores can communicate
without interference, akin to the non-blocking switches mentioned earlier.

And just as data packets hop through routers,  threads hop through cores or execution units based on
schedulers. The abstraction difference is that here the “routing” is managed by an operating system or GPU
scheduler which decides which core runs which thread at a given time, rather than by an IP-based routing
protocol. But conceptually, it’s a similar allocation of pathways for pieces of work.

Information Theory and Entropy

Underpinning  all  these  layers  is  the  concept  of  information  theory –  a  mathematical  framework  to
quantify information (and by extension, its loss or preservation). Claude Shannon defined the  entropy of
information as a measure of uncertainty or surprise in a message. If a piece of data is very unpredictable, it
has high entropy (and conveys more information per symbol); if it’s very predictable or redundant, it has
lower entropy. Interestingly, this mirrors the thermodynamic entropy in physics – a connection famously
highlighted  by  Rolf  Landauer,  who  stated  “information  is  physical” .  Every  bit  of  information  is
represented by a physical state (voltage high or low, magnetic orientation, etc.), and losing information (like
erasing a bit) has a fundamental energy cost, dissipating heat as per Landauer’s principle . In other
words,  flipping  bits  isn’t  free –  at  minimum,  erasing  one  bit  increases  entropy  (disorder)  in  the
environment by k<sub>B</sub>·T·ln2 of  energy (about  2.9×10^−21 J  at  room temperature) .  Modern
computers are still far from this thermodynamic limit (they use billions of times more energy per operation)

, but it sets a theoretical floor and ties computing to the Second Law of Thermodynamics.

In data transmission, information theory guides how we deal with noise (random entropy introduced into
signals).  Error-correcting codes and  encryption are two sides of this coin – one fights noise by adding
structured  redundancy,  the  other  hides  information  by  adding  apparent  randomness.  Both  are  about
managing entropy: error correction ensures that a few flipped bits (increasing uncertainty) can be detected
and  fixed,  effectively  pushing  back  against  entropy  to  preserve  the  intended  message;  encryption
intentionally  increases  the  entropy  (making  the  data  look  random)  to  prevent  an  eavesdropper  from
gleaning information. Shannon’s theory quantifies the trade-offs (redundancy vs.  noise vs.  capacity of a
channel)  and has direct  parallels  with thermodynamic  entropy.  In  fact,  as  one physicist  put  it,  “gain  in
entropy always means loss of information, and nothing more” . A highly disordered signal (high entropy)
means we’ve lost the information that was originally in an ordered state.

Figure:  A  conceptual  heat  map of  information  density  (or  uncertainty)  in  a  system.  Brighter  regions  could
represent higher entropy – areas of more unpredictability or data traffic – while darker regions have lower entropy
(more structure or idle time). Engineers use such visualizations to identify “hot spots” of activity or randomness in
networks and systems, analogous to how physicists map heat distribution. In both cases, the goal might be to
manage these distributions – for example, smoothing out load on a network or reducing thermal hotspots in a
chip.
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In networking, the idea of non-entropic information exchange implies maximizing signal and minimizing
noise – achieving high fidelity communication. Fiber optic links, for instance, confine light so well that very
little  signal  is  lost  over  long distances;  this  low entropy  increase  means  bits  sent  are  almost  certainly
received correctly.  Protocols also incorporate handshakes and error checks (like the checksum in the IP
header  and CRC in Ethernet frames) to detect disorder and request retransmission, thereby keeping the
overall exchange reliable (maintaining low information entropy from sender to receiver). We can draw a
loose analogy: a perfectly noiseless channel is like a reversible process in thermodynamics (no increase in
entropy),  whereas  a  noisy,  lossy  channel  is  like  a  dissipative  process  that  increases  entropy  (loses
information). Real systems are in between, and the engineering challenge is to push closer to the reversible,
no-loss ideal by clever coding, modulation, and signal processing.

At the limit, if one could make a computation or communication perfectly reversible (no information erased
or lost), one could, in theory, avoid entropy increase – this is the principle behind research in  reversible
computing and  quantum computing. Quantum bits (qubits) can be entangled such that operations are
reversible and theoretically incur less than the usual heat cost, aside from error correction overheads. This
ties into  entanglement theory:  entangled qubits exhibit correlations that are not limited by distance –
measuring one instantly influences the state of the other. While this  non-local correlation doesn’t allow
faster-than-light communication (you still  need a classical  channel to make use of the shared quantum
state), it hints at an information exchange that is not bound by classical spatial constraints. In a romantic
sense, entangled particles are a bit like two parts of the same information that  transcend space – they
share a state in a way classical bits do not. This property has intrigued researchers to draw analogies with
distributed systems: for instance, distributed databases might hold replicated data such that an update in
one location “instantly” reflects in another (via synchronization protocols) – a mundane but practical echo of
the idea of entanglement, making information less tied to a single place.

Combining these ideas: through the stack of protocols and encodings, we’ve made it so that information
can be stored and sent nearly anywhere, at any time, with ever-decreasing cost and delay. It approaches a
realm where information is less constrained by space and time – you can access data from the other side
of the world in milliseconds, and it can persist long after its creators are gone. This is possible because each
layer in the stack works to remove dependencies: higher layers remove dependency on specific machines
(you don’t care which server in a cluster answers your request, as long as it has the data), lower layers
remove dependency on specific pathways (the network will  route around failures),  and physical/storage
layers remove dependency on transient physical states (writing data to non-volatile memory makes it last
beyond power loss). The end result is that bits gain a kind of  universality – they can live anywhere in the
network, independent of immediate physical context, as multiple copies or as very stable recordings.

Cosmic and Biological Analogies: Networks, Entropy, and
Emergence

It’s fascinating that the structures and behaviors in information technology mirror those found in nature
at  vastly  different  scales.  For  example,  consider  the  similarity  between brain  neural  networks  and the
cosmic  web of  galaxies.  Both  systems consist  of  nodes (neurons  or  galaxies)  connected  by  filaments
(axons/dendrites  or  intergalactic  filaments),  forming  a  complex  graph.  Studies  have  quantitatively
compared these and found “a tantalizing similar morphology” between the cosmic web and the neural web

. Despite a 27-order-of-magnitude difference in scale, the network dynamics of self-organization might
be governed by similar principles .  Graph theory and network science provide a language to describe
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both: clusters, hubs, degrees of separation, and even the notion of information (or matter/energy) flowing
through edges. 

Just  as  neurons  exchange electrical  signals  and adapt  (rewiring  synapses)  to  form memories  or  learn,
galaxies  exchange  matter  and  influence  each  other  through  gravity,  potentially  leading  to  emergent
structures over billions of  years.  In computing networks,  routers exchange traffic and protocols “learn”
optimal routes (e.g. via adaptive routing algorithms that converge to an efficient configuration). In all cases,
local interactions yield global behavior without a centralized architect – a hallmark of emergent complexity.

Another  analogy  is  thermodynamic  vs.  computational  entropy.  The  universe  trends  toward  higher
entropy, meaning energy spreads out and structures break down over time. Yet, locally, order can increase –
stars form, life evolves – at the expense of greater disorder elsewhere, consistent with the second law.
Likewise,  in  information  systems,  while  noise  and  errors  (entropy)  are  always  threatening,  we  devise
algorithms to locally create order (error correction, data compression which removes redundancy,  etc.),
offset by expending energy (usually dumping heat in a server farm). In fact, the act of computation can be
seen as  expending free energy to  reduce uncertainty  about  the output.  There is  a  deep parallel  here:
Maxwell’s  demon (a  thought  experiment)  tried  to  cheat  thermodynamics  by  using  information  about
molecules to reduce entropy in a gas, but Landauer showed the demon must erase information eventually
and pay in entropy. Similarly, a clever algorithm can seemingly beat randomness (e.g. compress data to
make it smaller – increasing order), but the effort required shows up as heat and complexity in the system
environment.

On the  social and linguistic level,  information networks (like the Internet) enable something akin to a
global brain. Collective intelligence emerges when interconnected individuals share knowledge, ideas, and
feedback. This is not unlike how individual neurons collectively produce a coherent thought or how ants
collectively  find  optimal  paths  to  food.  The  term  collective  intelligence is  defined  as  “shared  or  group
intelligence that emerges from the collaboration, collective efforts, and competition of many individuals” . The
Internet,  by  connecting  billions  of  humans  (and  our  AI  assistants),  has  dramatically  amplified  this
phenomenon.  For  example,  open-source  communities  collaboratively  develop  software  that  no  single
person could create, Wikipedia contributors collectively document human knowledge, and social networks
can even  sense and react  to emotional  currents in  real  time across  the globe (trending topics,  viral
movements). In this sense, the  emotional intelligence of a group – how well a networked society can
understand  and  respond  to  emotions  –  is  facilitated  by  information  technology  (consider  how  quickly
support or aid can be organized online in response to a crisis, reflecting collective empathy).

Language itself, a symbolic system, evolves faster than ever thanks to networks. Memes, slang, and new
terms  propagate  through the  network,  undergoing  a  form of  natural  selection  in  the  cultural  sphere.
Language complexity grows as different domains of knowledge intermix (we invent new words or mash up
concepts),  somewhat analogous to genetic recombination. The network provides the ecosystem for this
evolution – constraints like character limits (Twitter’s 280 characters) or formats (hashtags, emojis) are like
environmental factors that cause language to adapt in specific ways (e.g. more abbreviations, more visual
language).  In  turn,  this  evolving  language  influences  how  groups  coordinate  and  what  collective
intelligence  can  do  (the  fact  we  have  a  rich  vocabulary  for  technology  now  enables  more  precise
collaboration on tech projects than, say, 50 years ago).

Figure: Multi-layer perceptron (neural network) schematic – an example of machine-learning architecture inspired
by brain networks. Simple processing units (nodes) are layered and interconnected. Data moves from input layer
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to hidden layers to output, with each connection having a weight that can adjust (learn) over time. This “dynamic
perceptron flow” model shows how intelligence can emerge from networked units. In computing, such networks
run on GPUs (leveraging parallel threads) and are trained on large datasets. They exemplify how prediction and
pattern recognition arise from layered information processing – analogous to how human cognition arises from
neural layers, and even how one might see the universe’s structure as layers of organization.

The perceptron figure  above  brings  us  full  circle  on  layers  –  it’s  literally  a  layered network used for
prediction (“machine  prediction”  in  the  prompt).  Each  layer  abstracts  something:  the  first  layer  might
extract basic features (edges in an image, or key words in a sentence), the next layer abstracts combinations
of features (shapes,  phrases),  and so on,  until  the final  layer makes a decision or classification.  This is
strikingly parallel to all  the other layered systems we discussed: each layer takes the input from below,
extracts  or  transforms  features,  and  passes  it  up.  And  just  as  our  network  stack  eventually  tied  into
analogies with cosmology, one might even poetically say that the universe itself can be viewed as a kind
of neural network – with galaxies and stars as nodes processing energy/matter, or that our brains are an
encapsulated universe of 100 billion neurons. These analogies aren’t just fanciful; researchers have noted
that the  cosmic network and brain network both maximize efficiency of information transfer given
their constraints, possibly converging on similar network topologies .

Lastly,  the  concept  of  self-rearranging  and  evolving  entity  nodes using  ecosystem  constraints  as  a
“springboard”  for  new  features  is  essentially  evolution  by  natural  selection,  whether  biological  or
algorithmic.  On  the  Internet,  nodes  (which  could  be  anything  from  organisms  to  organizations  to
algorithms)  face  constraints  like  bandwidth  limits,  competition  for  attention,  or  energy  costs.  These
pressures encourage innovation: e.g., an app that compresses data better can thrive where bandwidth is
scarce, a routing algorithm that finds quicker paths gets adopted to reduce latency, or an AI that uses less
compute for the same accuracy is favored in energy-limited environments. Over time, the  ecosystem of
technology evolves – we’ve gone from huge, power-hungry computers to efficient smartphones because of
constraints (we needed portable devices with limited battery – a constraint that forced engineers to create
new low-power chips and protocols). In nature, the constraints of environment lead to new adaptations (fish
evolving lungs in oxygen-poor water, etc.); in technology, constraints (like processing power, energy, delay)
lead  to  new  paradigms  (quantum  computing  for  beyond-Moore  scaling,  distributed  computing  for
scalability, etc.). The key is that each node or agent locally tries to improve or optimize within its constraints,
but the aggregate effect is an evolving, improving system – new generative features “display” over time,
like emergent behaviors or capabilities not originally planned.

In summary, the journey from a simple domain name query to a complex intelligent network involves
many layers  of  abstraction:  human language to  machine data,  high-level  protocols  to  low-level  binary,
hardware electronics to fundamental physics. Each layer optimizes and transforms information, enabling it
to flow efficiently and reliably. And in each layer, we can find echoes of universal principles – networks that
look  like  other  networks,  processes  that  conserve  or  manage  entropy,  and  collective  behaviors  that
resemble those of living systems or cosmic structures. By examining these layers both in technical terms
and through cross-domain analogies, we see that information in the digital realm isn’t so separate from
the natural world after all. It obeys many of the same laws (conservation, entropy, evolution) and exhibits
similar patterns of organization. The mesh of networks and knowledge we’ve built is, in a way, humanity’s
extension of nature’s tendency to form complex, adaptive systems. Each layer is one piece of a grander
puzzle in which information – freed from the shackles of any single time or place – can weave an ever-more
intricate web,  connecting everything from electrons on a  chip to human minds across the planet,  and
perhaps even hinting at connections to the stars above.
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