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| ABSTRACT

On Time In Full delivery is one of the most closely tracked measures in global supply chains, but most organizations can only say
whether an order missed its target, not where in the fulfillment lifecycle it went wrong. This article proposes a milestone-based
architecture that treats fulfillment performance as a traceable lifecycle instead of a single terminal outcome. The lifecycle breaks
into measurable checkpoints spanning order acceptance, inventory allocation, picking, dispatch, carrier handoff, delivery
confirmation, and proof-of-delivery capture, each carrying a standardized timing and ownership expectation. Drawing on control-
tower and performance-measurement research, the article argues that trustworthy On Time In Full reporting depends far more on
governed data integration across planning, warehouse, and logistics systems than on any single predictive algorithm. A regulated,
multi-region pharmaceutical and medical device supply chain illustrates the design choices throughout. The discussion turns to
root-cause analysis, logistics partner collaboration, and the governance tradeoffs that decide whether milestone data becomes
something teams can act on or just another dashboard nobody trusts.
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1.0 Introduction

Almost every supply chain organization reports On Time In Full (OTIF) delivery. AlImost none of them can explain a miss quickly. A
shipment either arrives on schedule with the right quantity or it does not, and that binary outcome gets folded into a scorecard
that executives review on a cadence far removed from the operations that produced it. When a delivery misses its target, the
organization usually knows the fact of the miss well before it knows why. Teams then start a manual investigation across order
management, warehouse, and transportation systems that were never built to be queried together. By the time a root cause
surfaces, next month's shipments are often already repeating the same pattern.

This article introduces a milestone-based architecture for On Time In Full delivery intelligence. Instead of treating delivery
performance as one downstream number, the architecture breaks the fulfillment lifecycle into discrete, measurable checkpoints,
each carrying an expected timing, an actual timing, a responsible party, and, where relevant, an exception reason. This is not just a
more detailed dashboard. It is a structural shift away from outcome reporting and toward traceable fulfillment intelligence, where
the organization can point to the specific stage where performance broke down instead of just the fact that it broke down
somewhere.

What follows positions this approach against existing control-tower and performance-measurement research, walks through the
milestone-based architecture and the data integration it requires, treats standardized expectation modeling as a governance
responsibility rather than a configuration detail, and closes with root-cause analysis, partner collaboration, and the real limits of the
approach as described here. A global pharmaceutical and medical device supply chain grounds the discussion throughout, chosen
because regulated, multi-region fulfillment operations expose data fragmentation in its most acute form.
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2.0 Literature review

2.1 Fragmented fulfillment data

Supply chain performance measurement has moved well beyond simple cost and volume tracking over the past two decades. The
metrics literature has repeatedly made a related point: measurement systems fail when they are not grounded in an integrated
view of the processes they claim to measure (Gunasekaran et al., 2001). Gunasekaran, Patel, and Tirtiroglu's early framework for
supply chain performance measures distinguished strategic, tactical, and operational metrics and argued that operational-level
metrics are the most vulnerable to poor data integration, since they depend on granular, cross-functional event data rather than
periodic aggregates (Gunasekaran et al, 2001). Two more decades of enterprise software investment have not made that
vulnerability disappear. A later bibliometric review of the performance measurement literature found the field shifting toward more
sophisticated, technology-enabled approaches, yet data integration and standardization challenges kept showing up as persistent,
unresolved themes across the studies reviewed (Mishra et al., 2018).

In practice, fulfillment data for a typical enterprise sits scattered across enterprise resource planning systems, warehouse
management platforms, transportation management systems, delivery and proof-of-delivery records, and logistics partner data
that may never touch the enterprise's own systems at all. When these sources stay disconnected, nobody can easily trace an order
from acceptance through allocation, picking, shipping, delivery, and proof-of-delivery capture as one continuous sequence. That is
not just inconvenient. It leaves the organization structurally unable to tell a planning failure apart from a warehouse failure apart
from a carrier failure, which happens to be exactly the distinction that matters when someone has to fix it.

2.2 Control towers and governed KPI architectures

The supply chain control tower concept is one response to this fragmentation, and recent work on control tower reference
architectures shows how the underlying design tension actually plays out. Harmelink, Topan, and van Hillegersberg's (2025)
reference architecture for service control towers in high-value asset maintenance names a dilemma that recurs across control tower
designs: centralizing visibility for coordinated decision-making pulls against preserving the operational autonomy of the individual
functions being monitored. Their architecture treats a control tower not as a single dashboard but as a layered decision-support
structure, with data, coordination, and decision layers each governed on their own terms (Harmelink et al., 2025). That layered
framing maps directly onto fulfillment intelligence. A milestone-based OTIF architecture runs into the same tension: milestone
definitions need enough central governance to produce comparable metrics, while the systems generating those milestone events
stay owned by different regional and functional teams who did not sign up to be centrally managed.

2.3 Root-cause analytics in supply chain and manufacturing systems

Related but separate literature addresses root-cause and bottleneck detection more directly. Lai, Shui, Ding, and Ni's (2021) work
on data-driven dynamic bottleneck detection in complex manufacturing systems shows that the bottleneck's location can shift over
time within a single production system, and that a static, one-time bottleneck analysis falls short for systems whose constraint
points move with demand and configuration changes. Their setting is manufacturing production rather than order fulfillment, but
the underlying argument transfers cleanly. A fulfillment lifecycle with more than thirty possible milestone checkpoints will not have
one fixed point of failure, and any architecture built on a static assumption about where delays originate will lose relevance the
moment operating conditions shift. Fulfillment intelligence architectures need the same dynamic, event-level granularity that
dynamic bottleneck detection requires something in manufacturing, not a fixed diagnostic checklist someone wrote once and never
revisited.

Regulated industries pose another level of difficulty. In pharmaceutical supply chains, for instance, Tucker and Daskin (2022) note
the relationship between delivery reliability and drug shortage risk. Reliability failures in pharmaceutical supply chains carry
consequences well beyond customer dissatisfaction and reach into patient access and continuity of care. Recent research from a
worldwide benchmarking study of pharmaceutical manufacturing quality practices supports this reasoning. The maturity of an
organization's quality management practices correlates with its delivery-related key performance indicators. This indicates that
governance maturity and delivery performance move together instead of in opposition (Fellows et al., 2022). Taken together, the
literature indicates that fulfillment intelligence in regulated supply chains is a governance and reliability question, rather than an
operational efficiency question.

Regulated industries add another dimension. Tucker and Daskin's (2022) analysis of pharmaceutical supply chain reliability ties
delivery reliability directly to drug shortage risk, arguing that reliability failures in pharmaceutical supply chains carry consequences
well beyond customer dissatisfaction and reach into patient access and continuity of care. A global benchmarking study of
pharmaceutical manufacturing quality practices found something consistent with this: the maturity of an organization's quality
management practices correlates with its delivery-related key performance indicators, which suggests governance maturity and
delivery performance move together rather than independently (Fellows et al., 2022). Taken together, this literature supports
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treating fulfillment intelligence in regulated supply chains as a governance and reliability question first, and an operational efficiency
question second.

3.0 Milestone-based fulfillment intelligence architecture

3.1 Lifecycle checkpoint design

The architecture proposed here treats each stage of the fulfillment lifecycle as a discrete, traceable data point, rather than folding
the entire lifecycle into a single "delivered on time" flag. Representative checkpoints include order acceptance, inventory allocation,
picking, dispatch, carrier handoff, delivery confirmation, and proof-of-delivery capture (Figure 1). A fully elaborated implementation
can extend past thirty checkpoints once sub-stages within allocation, picking, and carrier transit get counted individually. Each
checkpoint carries four attributes: an expected timestamp drawn from the standardized expectation model in Section 4, an actual
timestamp captured from whichever source system owns that stage, a responsible party, and, when the checkpoint gets missed, an
exception reason pulled from a governed taxonomy rather than free text someone typed in a hurry.

Figure 1. Fulfillment lifecycle milestone map

Order acceptance, allocation, picking, dispatch, carrier handoff, delivery confirmation, and proof-of-delivery capture,
each carrying an expected timestamp, actual timestamp, responsible party, and governed exception reason.
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Figure 1. Fulfillment lifecycle milestone map: order acceptance, allocation, picking, dispatch, carrier handoff, delivery confirmation,
and proof-of-delivery capture, each carrying an expected timestamp, actual timestamp, responsible party, and governed exception
reason.

This checkpoint structure turns a single downstream OTIF metric into a sequence of comparisons between expected and actual
timing at each stage. When a shipment misses its delivery window, the architecture does not just flag the miss. It identifies which

checkpoint first drifted from its expected timing, and that is the piece of information an operations team can actually act on.

3.2 Data integration across planning, warehouse, and logistics systems

Populating this checkpoint structure means integrating data from enterprise planning systems, warehouse management platforms,
transportation and carrier systems, and, where it exists, logistics partner data feeds. In a multi-region operating model spanning
distinct planning and execution systems across geographies, this integration challenge gets compounded by inconsistent field
definitions, time zone handling, and regional variation in how milestones get recorded in the first place. Cloud-based data platform
architectures, built on governed ingestion and transformation layers using frameworks such as Databricks and comparable
lakehouse environments, offer one practical way to reconcile these regional differences into a single, standardized event stream.
The specific platform matters less than the governance discipline applied to it. Recent work on enterprise master data management
makes a related point: data quality validation belongs at the point of integration, not after the fact, because that is what determines
whether downstream analytics can be trusted at all (Korom, 2026). The same logic applies to milestone event integration.
Expectation and actual timestamps that go unvalidated for consistency at ingestion will quietly corrupt every root-cause conclusion
drawn from them later.

3.3 Governed common data objects

Because the source systems feeding this architecture were never designed to share a common data model, the architecture depends
on a governed layer of common data objects defining what an "order," a "milestone," and an "exception" mean consistently across
regions and business functions. Skip that governed layer, and dashboards built from different regional data sources will produce
different answers to the same question, which undermines trust in the metric well before any root-cause analysis becomes possible.
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This governance responsibility sits above any individual reporting tool. It has to be an architectural decision made once, not a
configuration choice left to whichever team happens to build the next dashboard.

4.0 Standardized expectation modeling

4.1 Allocation, shipping, and delivery benchmarks

Milestone data only becomes useful once the organization has defined what "on time" means at every checkpoint, not only at final
delivery. Allocation timing, shipping timing, delivery windows, and documentation timelines each need an explicit expectation,
developed with the business functions that own the corresponding process, rather than inherited implicitly from whatever the
source system happens to report. Gunasekaran and colleagues made a related point at the metric-design level: metrics chosen
without reference to the process they measure tend to drift out of alignment with operational reality over time (Gunasekaran et al,,
2001). The same risk shows up here at the checkpoint level. An allocation benchmark set without input from planning teams, or a
delivery-window benchmark that ignores actual carrier transit variability by region, produces a metric that looks precise while
measuring the wrong thing entirely.

4.2 Cross-regional governance of performance rules

In a global operating model, expectation modeling cannot be defined once centrally and applied uniformly, because carrier
networks, regulatory documentation requirements, and typical transit times vary meaningfully across North America, Europe, Asia-
Pacific, and Latin American operating regions. But expectation rules also cannot be left entirely to regional discretion, because that
just reintroduces the inconsistency the architecture was built to eliminate. The practical resolution is a governed rule set with a
common structure and regionally parameterized values. The same milestone definitions and exception taxonomy apply everywhere,
while the specific timing thresholds attached to each milestone get calibrated by region and reviewed on a recurring governance
cadence. This is an architectural responsibility, not a reporting configuration detail, and treating it as the latter is a common reason
dashboards across regions end up disagreeing with each other.

5.0 Root-cause analysis and proactive bottleneck detection

5.1 From milestone signals to failure-mode diagnosis

Once milestone data is governed and integrated, root-cause analysis becomes a matter of comparing expected and actual timing
across the checkpoint sequence for a given order or cohort of orders, instead of starting from a delivery failure and working
backward through disconnected systems. Table 1 lays out representative on-time-in-full failure modes alongside the specific data
needed to diagnose each one: allocation shortfalls traceable to inventory data, carrier delays traceable to transportation event data,
documentation gaps traceable to proof-of-delivery capture systems. This structure moves the question from "Was this order late?"
to "At which checkpoint did this order first fall behind its expected timing," which is a genuinely different and more actionable
guestion to ask.

Table 1. Common On-Time In Full Delivery Failure Modes and the Data Needed to Diagnose Each One

Failure Mode Likely Origin Stage | Diagnostic Data Required Governing System of Record

Available-to-promise balances,

Allocation shortfall Inventory allocation allocation timestamps, override | Enterprise planning system
logs
o L Pick-task timestamps, labor and | Warehouse management
Picking delay Warehouse picking . . p 9
equipment availability records | platform
Carrier handoff / Carrier tracking events, transit- | Transportation management

Carrier transit dela . .
y transit time benchmarks by lane system

. POD timestamp, part
Proof-of-delivery Imestamp, partner

Documentation gap submission logs, exception Logistics partner / POD platform
capture
codes
. Order acceptance Order line detail, fill-rate Enterprise resource plannin
Quantity shortfall . P / . L P P 9
allocation history, substitution records system

The dynamic bottleneck detection literature matters here too. Because the checkpoint most responsible for delays shifts with
seasonal demand, carrier capacity, and regional operating conditions, a fulfillment intelligence architecture that only monitors a
fixed set of "known" failure points will miss emerging bottlenecks until they become severe (Lai et al., 2021). A milestone architecture
built to capture the full checkpoint sequence, rather than a curated subset chosen up front, stands a better chance of surfacing
bottlenecks nobody anticipated when the system was first designed (Figure 2).
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Figure 2. Centralized governed dashboard architecture

Order, logistics, proof-of-delivery, and partner data feed a governed common data object layer,
which in turn supports milestone timing comparison, root-cause diagnosis, and executive KPI views.

Source Systems and Data Feeds

Order Data Logistics Data Proof-of-Delivery Data ° .. Partner Data
@  Order management system -A » Warehouse management system .aﬂ o Carrier delivery records '.‘ o 3PL/ carrier status updates

L( o
o Customer master data 00  Inventory allocation and picking o Proof-of-delivery (POD) data ¢ Partner milestone events
o Order details and promise dates o Dispatch and shipment data o Delivery confirmation timestamps * Partner exception codes
e Changes and cancellations o Transportation management system o Exceptions and retur information * Service level agreements (SLAs)

[ | I J

Governed Common Data Object Layer

0 Data governance and quality rules ﬂ Access control and security
s Standardized data model Ingest Trusted E Data lineage and auditability
- Validate Governed Consistent " i i
i i ata quality monitoring
O Master data management ‘S;‘anc::::ue Fulfillment Data Model ;T:I!;taiztread (] FEEERTEENO
29 (Common Data Objects) % l‘“\ Ownership and stewardship
E Common definitions and exception codes
o Governed exception reason taxonomy
v v v
Analytics and Insight Layer

Milestone Timing Comparison o Root-Cause Diagnosis Executive KPI Views
ll « Expected vs. actual timestamps (N * Exception analysis and classification .. l o OTIF performance

e On-time / delayed status by milestone  Drill-down to failure stage o Milestone-level SLA compliance

¢ Trend and performance analysis o Cross-system event correlation o Carrier and partner performance

» Common cause identification © Regional / product / customer views
L | J
v
Executive Dashboard and Reporting
Real-time B Performance Exception and [ X ] Partner performance 0/ Operational and
OTIF dashboard trends and benchmarks root-cause reports (.‘ scorecards strategic decision support

From integrated data to actionable fulfillment intelligence

Figure 2. Centralized governed dashboard architecture: order, logistics, proof-of-delivery, and partner data feed a governed
common data object layer, which in turn supports milestone timing comparison, root-cause diagnosis, and executive KPI views.

5.2 Partner collaboration and proof-of-delivery digitization

A substantial fraction of fulfillment failures occur outside of the enterprise system, in the partner systems used by carriers and
logistics partners. Receiving proof-of-delivery, transit status, and exception notifications can be impacted by generation time delays
and formats not suitable for an enterprise's systems. This is a common problem in the literature on freight and logistics technology.
Integration pathways for digital platforms in road-based freight transport management between shippers, carriers, and logistics
platforms are detailed by Heinbach et al. (2022). However, the maturity of integration for freight transport management platforms
varies widely, even for powerful international logistic service providers. For example, in a milestone-based architecture, specification
clarifies when the final milestones of the transportation lifecycle, delivery confirmation, and proof-of-delivery capture are presented
as near-real time or ex post via manual reconciliation. Where partner integration stays immature, the architecture should make that
gap explicit in its exception taxonomy rather than silently defaulting unavailable partner data to a result of on-time delivery, since
that default would understate exactly the failure modes most likely to erode customer trust.

6.0 Partner collaboration and proof-of-delivery digitization

A meaningful share of fulfillment failures originate outside the enterprise's own systems entirely, in carrier and logistics partner
operations that generate proof-of-delivery records, transit updates, and exception notifications on their own timelines and in their
own formats. Digitizing and integrating this partner data is a well-documented challenge in the freight and logistics technology
literature. Heinbach and colleagues' (2022) typology of digital platforms for road freight transport management describes the range
of integration models connecting shippers, carriers, and logistics platforms and notes that integration maturity varies considerably
even among large logistics providers. For a milestone-based architecture, partner data integration decides whether the final
checkpoints in the lifecycle, delivery confirmation, and proof-of-delivery capture show up in near-real time or only get reconstructed
after the fact through manual reconciliation. Where partner integration stays immature, the architecture should make that gap
explicit in its exception taxonomy rather than quietly defaulting unavailable partner data to an on-time result, since that default
would understate exactly the failure modes most likely to erode customer trust.

7.0 Discussion

The broader significance of this architecture reaches beyond operational efficiency. In global pharmaceutical and medical device
supply chains, on-time and in-full delivery performance connects to patient access, continuity of care, and regulatory
documentation obligations, not just to a customer satisfaction score (Fellows et al., 2022; Tucker & Daskin, 2022). A milestone-
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based architecture that can show not only whether a delivery met its target but also which governed checkpoints it passed through
and when also supports the audit and compliance documentation that regulated supply chains are expected to maintain.

Table 2 positions the milestone-based architecture against the two approaches most organizations already have in place: outcome-
only OTIF reporting and a generic control-tower dashboard that centralizes visibility without necessarily governing the underlying
milestone definitions. Broader editorial commentary on supply chain digitization has observed that digitization efforts across the
field tend to advance data collection and visibility well ahead of the governance structures needed to make that data trustworthy
across an organization (Tiwari et al., 2024). The comparison in Table 2 is meant to make that same gap concrete at the level of a
single fulfillment architecture decision, rather than leave it as a general observation about the field.

Table 2. Comparative positioning of fulfillment visibility approaches

. . Outcome-Only OTIF Generic Control-Tower Milestone-Based Architecture
Dimension

Reporting Dashboard (this article)

Partial, depends on source

Failure traceability Final result only Checkpoint-level, full lifecycle

coverage
Manual, cross-system Faster, but limited by Direct comparison of expected
Root-cause speed . . .
investigation dashboard scope vs. actual per checkpoint

Governed common data

Centralized visibility, variable . .
objects and regional rule

Governance model | Ad hoc, per-report
governance depth

calibration
Partner data . . . Explicit exception taxonomy for
. Often excluded Inconsistent inclusion
handling partner gaps

8.0 Limitations

This architecture has real limits worth stating plainly. It does not report a validated numeric improvement in on-time-in-full rates,
because that would require primary evaluation data this qualitative, architecture-focused contribution does not include. Any
organization adopting this approach should plan its own before-and-after measurement rather than assume the gains described
here transfer automatically. The governance model in Section 4 also assumes an organization has the cross-functional authority to
define and enforce common milestone definitions across regions. That is an organizational precondition, not a purely technical one,
and it is not guaranteed to exist everywhere. Finally, the architecture's ability to surface partner-side failure modes is bounded by
the partner data integration maturity described in Section 6, so organizations with limited partner digitization will see reduced
visibility into the lifecycle's final stages no matter how well the internal checkpoints are governed.

9.0 Conclusion

Treating On Time In Full delivery as a traceable lifecycle rather than a single terminal outcome changes what an organization can
actually do when performance slips. A milestone-based architecture built on governed common data objects, standardized and
regionally calibrated expectation models, and integrated planning, warehouse, and logistics data turns delivery reporting from a
backward-looking scorecard into a structure that can point to the specific place where something went wrong. In regulated, multi-
region supply chains, where delivery reliability carries consequences well beyond customer satisfaction, this shift from outcome
reporting to governed fulfillment intelligence is not a reporting enhancement. It is closer to a foundational requirement for resilient
operations.
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