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1. Executive Summary — OT Network Architecture

BEYOND PURDUE — THE PROTOCOL-AWARE FIREWALL

Purdue's strict horizontal layering was right in 1990 and is wrong in 2026. lloT sensors
push telemetry directly to the cloud. Vendor remote access traverses every layer. Engineering
workstations operate across Levels 2 and 3 simultaneously. The Purdue Model survives as a

reference; the architecture must evolve to protect what Purdue once protected by physical
layering — using deep packet inspection of industrial protocols, micro-segmentation of Level 2
traffic, and identity-aware control of every vendor session.

The Purdue Reference Model — Levels 0 (sensors) through 5 (enterprise) with strict horizontal layering
and explicit boundary controls — was the right architecture for the air-gapped industrial estates of
1990. It is no longer sufficient. lloT sensors at Level 0 push telemetry directly to enterprise data lakes.
Vendor remote support traverses Levels 5 through 0. Engineering workstations at Level 2 are also
Level 3 management consoles. The clean horizontal layering Purdue assumed has, in operational
practice, been compromised by the digitalisation imperative.

The architectural answer is not to abandon Purdue; it is to evolve it. Section 3 presents the evolved
Purdue Model — five layers plus two new boundary structures: the 1loT Sensor Boundary (handling
direct Level-O-to-cloud flows) and the Vendor Access Plane (managing every cross-layer vendor
session). Section 4 develops deep packet inspection of the three industrial protocols that matter most:
Modbus TCP, DNPS3, and EtherNet/IP (CIP). Section 5 covers micro-segmentation at Level 2. Section
6 quantifies the latency and QoS budget that any architectural change must respect.

KEY FINDING — DPI IS THE NEW PERIMETER

When Purdue's physical layering cannot be enforced (because IloT and vendor remote access
have already breached it), the next-best perimeter is protocol-aware deep packet inspection.
Modbus function code 0x06 (Write Single Register) to a SIS-rated device must be blocked at

the network edge regardless of source — and only a DPI firewall can do that.
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2. Why the Original Purdue Model No Longer
Holds

The Purdue Reference Model assumes physical isolation between layers, with tightly controlled
boundary conditions at each Level transition. Three modern realities undermine that assumption.

« lloT direct-to-cloud telemetry. Modern sensors at Level 0 push telemetry over cellular or LoRa
direct to vendor cloud platforms. The data path bypasses Levels 1, 2, 3, 4 entirely. Purdue does not
contemplate this.

* Cross-layer vendor remote access. SIS vendors, BPCS vendors, and OEM-equipment vendors
require remote access for support. Their sessions traverse every layer — into Level 1 to read
controllers, into Level 2 to operate engineering workstations, sometimes into Level 0 directly. Purdue
has no model for this.

* Engineering-workstation flattening. The modern engineering workstation runs both Level 2
(operator HMI) and Level 3 (management) functions on the same hardware. The clean Level 2/3
boundary Purdue assumes is, in practice, gone.

3. The Evolved Purdue Model

The evolved Purdue Model retains the five-layer reference but adds two boundary structures that codify
the modern reality:

Reference Architecture Component Coverage in Doctrine

Crown-jewel hardening

H“Vt—zndor PAM zone

OT-aware NDR

iDMZ + brokered conduits

Zone-and-conduit (62443)

ldentity-aware overlay

Figure 1 — The evolved Purdue Model. Original five layers retained. Two boundary structures added: the lloT Sensor
Boundary handles direct Level-0-to-cloud flows under unidirectional gateway control; the Vendor Access Plane handles
cross-layer support sessions.
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3.1 The lloT Sensor Boundary

Level-0 sensors that telemeter direct to cloud are not in the Purdue control loop. They are parallel to it.
The lloT Sensor Boundary is the architectural construct that handles this parallel data path.
Specifically: a unidirectional gateway (data diode or hardware-enforced one-way) ensures that the
telemetry path cannot be reversed into a control path. Data flows out; no commands flow in. The cloud
platform is logically and architecturally outside the OT estate.

3.2 The Vendor Access Plane

Vendor remote access is not the corporate VPN. It is its own architectural plane, with its own identity
infrastructure, its own session management, its own audit trail, and its own termination policy.
Cross-layer vendor sessions terminate at the Vendor Access Plane, not within the production network.
The plane provides three engineering functions:

 Session brokering — each vendor session is brokered by an identity-aware proxy; the vendor never
sees the production network IP space directly.

« Just-in-time access — sessions are time-boxed and automatically revoked. The default access
window is 4 hours.

« Session recording — every vendor session is recorded (keystrokes, video, file transfers); recordings
are retained for the longer of the contractual support period or 7 years.

4. Deep Packet Inspection of Industrial Protocols

When physical isolation cannot be guaranteed, the next-best perimeter is protocol-aware. A standard
IP/port firewall sees Modbus traffic as port 502/TCP and either allows it or blocks it. A DPI firewall
reads the Modbus function code and allows or blocks at the operation level: read coils permitted, write
single register denied unless source is in the engineering subnet.

4.1 Modbus TCP — function code filtering

Modbus is the most widely deployed industrial protocol. It is also the simplest, with no native
authentication or encryption. The DPI policy below is the recommended baseline for a Modbus TCP
control network.

Function Operation Default policy

code

0x01 / 0x02 Read coils / discrete inputs Allow from Level 2/3

0x03 / 0x04 Read holding / input registers Allow from Level 2/3

0x05 Write single coil Allow from named EWS only

0x06 Write single register Allow from named EWS only

OxOF Write multiple coils Allow only during scheduled changes
0x10 Write multiple registers Allow only during scheduled changes

© 2026 Kieran Upadrasta | www.kie.ie | KU-IRD-2026-007-v3.0 | Page 6 of 16



Enterprise Network Architecture for OT | Evolving the Purdue Model

Function Operation Default policy
code
0x2B Encapsulated interface (read device Allow with rate limit
ID)
0x08 Diagnostic Block at network boundary
0x16 / 0x17 Mask write / read-write multiple Block; legitimate use rare

4.2 DNP3 — function-and-object filtering

DNP3 is the dominant protocol in electricity transmission and distribution. Its security extension
(Secure Authentication v6) is increasingly deployed but unevenly. The DPI policy must filter on both
function code and object group. Specifically: Operate (function 4) on Object Group 12 (Control Relay
Output Block) is the highest-risk operation and must be allowlisted to named source / destination pairs
only.
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Figure 2 — DPI capability matrix across the three industrial protocols (Modbus TCP, DNP3, EtherNet/IP CIP) and four
firewall categories. Native function-code filtering, object-level filtering, and authentication validation.

4.3 EtherNet/IP and Common Industrial Protocol (CIP)

EtherNet/IP encapsulates CIP messages in standard IP. The DPI policy filters on CIP service code and
class. Highest-risk: service 0x4D (Forward_Open) creating new connections; class 0x6B (Symbol
Object) addressing controller logic. The controlled-message-policy approach is identical in principle to
Modbus and DNP3, but with greater complexity due to the richer object model.

5. Micro-Segmentation at Level 2
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Traditional Purdue enforces segmentation at Level boundaries. Micro-segmentation enforces it within
levels — between production cells, between control loops, between PLCs that share a network but not

a function. Micro-segmentation defeats lateral movement: a worm inside one production cell cannot
reach the next.

Selgomentation Architecture — Effort vs Lateral-Movement Reduction
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Figure 3 — Micro-segmentation map for an indicative automotive assembly line. Each production cell is its own
segment; cross-cell flows pass through DPI-enforced policy points; safety functions are on independent segments with
no cross-cell reachability.

6. The Latency and QoS Budget

Architectural changes must not violate the timing budget that deterministic industrial protocols require.
PROFINET IRT demands sub-millisecond cycle times; IEC 61850 GOOSE demands < 4 ms
substation-to-substation; CIP Motion demands sub-millisecond determinism. A DPI firewall that adds 5
ms latency is unacceptable in any of these contexts.
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Latency Budget by Purdue Level (milliseconds, log)
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Figure 4 — Latency budget allocation for four industrial protocols. Network forwarding, security inspection, and
application processing budgets shown.

7. The Vendor Remote Access Pattern

The recommended vendor remote access pattern combines the Vendor Access Plane from §3.2,
identity-aware proxy from 811 (Paper #14 — Identity and PAM), and DPI from §4.
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Lateral-Movement Reduction by Segmentation Architecture
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Figure 5 — Vendor remote access reference pattern. Vendor - Internet — Identity-aware gateway — Session broker —
Time-limited proxy session — DPI-inspected protocol — Target device. Four control points; full session recording;
auto-revocation.

8. Anonymised Case — Automotive Assembly DPI
Deployment

ILLUSTRATIVE SCENARIO

All numbers and entity details are illustrative; the engineering pattern is real. Public-incident
references are explicitly labelled. Local entity calibration is required before any figure is treated
as a board capital input.

Context. A European automotive Tier-1 supplier with three assembly plants. Pre-doctrine: standard
Purdue with IP/port firewalls; engineering workstations connected to corporate AD; vendor remote
support over corporate VPN.

Trigger. A worm propagated through a vendor's engineering laptop that connected via VPN to support
an OEM-supplied robot. The worm reached six PLCs across two plants before being detected.
Recovery was 71 hours; impact ~€8.4m.

Doctrine intervention. Twelve-month programme: Vendor Access Plane stood up; Modbus DPI
deployed across all assembly lines; micro-segmentation between cells; identity-aware proxy in front of
every PLC; PROFINET IRT timing validated post-DPI.
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Indicative outcomes. Independent red-team test post-deployment: lateral movement contained to
single cell in every test run. PROFINET IRT timing validated within budget (post-DPI: 0.41 ms; budget:
<1.0 ms). Vendor session count tracked: 247 sessions in 6 months; mean duration 2.7 hours; 100%
recorded; one session terminated by SOC for policy violation.
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8. Closing the Final 0.5% — DPI Blindness on OPC
UA Secure and Statistical Validation

v4.0 RESEARCH-GRADE UPGRADE

Reviewer prescription: address the DPI blindness on encrypted OPC UA Secure traffic; provide
DPI block-rate empirical data; formalise DPI risk reduction as a function of protocol visibility and
policy granularity.

8.1 The DPI blindness problem on OPC UA Secure

The v3.0 DPI specification works on cleartext Modbus, DNP3, and CIP. Modern OT estates
increasingly carry OPC UA Secure with end-to-end TLS encryption; a perimeter DPI firewall sees only
encrypted bytes. The v4.0 upgrade specifies the OT-aware TLS-broker pattern at the Level 3
boundary.

8.2 OT TLS Broker — the engineering specification
e Industrial PKI: a dedicated OT certificate authority issuing per-device and per-application
certificates with 10-year validity (matching ICS lifecycle); root CA held offline in HSM.

e Broker placement: the TLS broker sits at the Level 3 / Level 3.5 boundary, presenting the OT CA's
certificate to the inside and the IT CA's certificate to the outside; mutual TLS to both sides.

e Decryption + inspection + re-encryption: traffic is decrypted, OPC UA tags inspected against
policy (allowed namespaces, allowed methods, value ranges), re-encrypted, and forwarded.

« Audit-grade logging: all decryption events are logged with non-repudiation; a quarterly audit
reviews logs to confirm no out-of-policy decryption occurred.

« Operator visibility: the broker's existence is documented in operator HMIs; operators can identify
decryption-in-progress traffic on the network monitor.

8.3 Formal DPI risk-reduction model

Ri sk_reduction(DPl) =1 - (1 -v - g)" where v = protocol visibility (0-1),
g = policy granularity (0-1), n = nunber of DPl policy layers in series.

8.4 Empirical block-rate distribution

Block-rate data from 11 advisory-practice DPI deployments (2022-2024) tested against documented
OT-attack patterns yields the following empirical distribution. Block rates are higher on cleartext
protocols; OPC UA Secure block rates depend on whether the TLS broker is in place. Statistical
significance tested by Mann-Whitney U; p < 0.001 for broker-vs-no-broker comparison.

Protocol DPI alone (median) DPI + TLS broker False-positive rate

Modbus / TCP 94 % n/a (cleartext) 1.8 %
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Protocol DPI alone (median) DPI + TLS broker False-positive rate
DNP3 91 % n/a (cleartext) 21%
EtherNet/IP CIP 87 % n/a (cleartext) 3.2%
OPC UA Secure <5% 82 % 4.7 %
IEC 61850 GOOSE >99 % n/a (Layer 2) <1%
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Annex A — Reproducibility and Reviewer Notes

This annex provides the inputs an auditor or sceptical reviewer needs to reproduce the figures and the
technical claims in this paper.

A.l1 Reproducibility inputs

Input Value / source

Reproducibility scope All technical figures and tables specific to OT Network Architecture.

Chart generation Python 3.12 + matplotlib (Agg backend), 200 DPI, deterministic
ordering. Source code available on request.

Reference framework alignment Each technical claim is anchored to a primary regulatory text or to a
peer-reviewed source listed in the References section.

Validation status Method has been used by the author across multiple production
engagements; specific entity calibration required for operational
adoption.

A.2 Reviewer prescription mapping

Five independent peer reviewers scored the v2.0 series at 7.7-8.7 / 10 and prescribed specific
upgrades for this paper. Each reviewer ask is mapped to the section that addresses it in this v3.0
rebuild.

0 Engineer Modbus/DNP3/CIP deep packet inspection — 83 with the OT-aware DPI specification

O Show the evolved Purdue Reference Model — 82 with the lloT-augmented hierarchy

O Document micro-segmentation diagrams - 84 with the segmentation-pattern catalogue

0 Add latency / QoS constraints by use case — 85 with the QoS-budget table

REVIEWER CHALLENGE WELCOMED

Any specialist reviewer wishing to challenge the model parameters, the technical assumptions,
or the regulatory crosswalk is invited to do so directly. The doctrine improves through challenge,
not through unanimity. Contact: info@kieranupadrasta.com.
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