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1. Introduction 

A hospital or health system rarely runs one application. Registration, clinical documentation, insurance verification, laboratory, 

pharmacy and billing are usually separate products, bought at different times and kept up by different teams. Each does its job, and 

each keeps its own interfaces, tables and status labels. No single screen then shows where a patient-related process stands. Hospital 

information systems often fall short of what staff need for their decisions [1], advanced use of electronic records is spread unevenly 

across hospitals [2], and the support a record gives to teamwork shapes how care teams coordinate [3]. Where a system does not fit 

the work, people improvise, and Friedman et al. catalogued the workarounds that primary care staff invent [4]. Fragmented status 
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information has the same effect. A coordinator telephones another department, opens a second application, or asks a colleague, and the 

check is repeated for every patient and every process. 

 

Interoperability standards address part of the problem. HL7 version 2 messages carry orders and results between systems [5], 

and FHIR defines resources and a REST interface for the same purpose [6], [7]. A standard fixes the form of the content, but two sys-

tems that both send valid messages can still use status values differently. One system may call a request "awaiting approval" where 

another calls the same stage "verification pending", and a status that reads "closed" can mean finished in one system and cancelled in 

another. An integration that translates such values wrongly shows staff a false state, and that kind of error is harder to spot than a gap. 

 

The usual integration answers are point-to-point interfaces, which need a translator for every pair of systems, and a shared ca-

nonical model with one adapter per system [8]. A data warehouse with nightly loads gives a consistent view that is a day old. A feder-

ated query layer gives current data but ties the dashboard to the speed and availability of every source [9], [10]. This paper takes the 

canonical-model route and adds what a status view needs in particular: capture of changes as they commit, translation of status values 

that depends on context and keeps the source value, a check of the resulting progression, and a read store that the dashboard can que-

ry without touching the sources. 

 

We call the pattern Unified State Machine Normalization. Extractors read committed changes from each source and emit events 

with a common envelope. A normalization engine translates the native status of each event into one of eight canonical states, using a 

versioned mapping registry. A state service applies the event to the state of the encounter if the transition is legal under a transition 

table, and quarantines the event otherwise. A read-only status store keeps the current state, the history and the provenance of every 

state. A dashboard queries the store and nothing else. Throughout, the source systems stay as they are: none is asked to adopt the ca-

nonical vocabulary, and no component of the federation writes to one. 

 

The ingredients are known: log-based change capture [11], [12], canonical data models [8], explicit state machines [13], and 

read models that are kept apart from write models [14], [15]. Our contribution is the way they are combined for the semantics of sta-

tus and the way the combination is examined. We make four contributions. 

 We specify ten requirements, an event envelope, a mapping registry with qualifiers and versions, a transition table with a 

strict and a lenient mode, and rules for duplicate, late, missing and illegal events (Section III and Section IV). 

 We define the objects of the pattern formally, give an algorithm that applies one event, and prove three propositions about ar-

tifact counts, replay and guard comparison (Section V). 

 A synthetic study in four parts examines the number of mapping artifacts, strategies for extracting changes, the query path, 

and the detection of mapping faults by the transition guard, with code and seeds so that every number can be reproduced 

(Section VI and Section VII). 

 A table of claims keeps evidence apart from expectation by recording whether each claim follows by construction, was ob-

served in the synthetic study, or is a hypothesis for later measurement (Section VIII). 

 

Related work is reviewed in Section II. Section III then states the setting and the requirements, Section IV the architecture and 

Section V the formal model. Section VI and Section VII describe the study and its results, Section VIII discusses them, and Section IX, 

Section X and Section XI give the limitations, an evaluation agenda and the conclusions. 

 

2. Related Work 
2.1. Use of Health Information Systems 

Studies of hospital information systems describe uneven adoption and use [2], [16], limited fit with the decisions that staff must 

make [1], and the workarounds that follow when a system fits the work badly [3], [4]. Pickering et al. found that a clinician-designed 

viewer of record data was feasible and well received in an intensive care unit [17], which supports building a consolidated view around 

the user's task rather than around the screens of the source systems. Dashboards of patient data have been reviewed [18] and designed 

and tested with patients [19]. These studies establish the need for a coherent view but offer no model of status that spans systems. 

 

2.2. Architecture and Integration in Health Information Systems 

Reference architectures and models for health information systems include RICHE [20] and 3LGM² [21]. They help to structure 

complex environments, but they do not say how events from many applications become one operational state model. Experience re-
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ports describe the building and deployment of medical information systems [22], [23] and the integration of systems in palliative care 

[24]. Reviews of the obstacles of data distribution service middleware [25] and of on-premise enterprise resource planning systems 

[26] bear on the connection of long-lived systems, although they do not address clinical status. FHIR and its application platform 

SMART define resources and interfaces for exchange [6], [27], and the adoption of health data standards has been slow and uneven 

[28]. Standards reduce the translation work for content, but the status values of local workflows still differ. 

 

2.3. Data Integration and Schema Mapping 

The theory of data integration separates mappings from a mediated schema to the sources into global-as-view and local-as-view 

forms [10], [29], and federated database systems were defined for autonomous and heterogeneous sources [9]. Schema matching sur-

veys cover the automatic discovery of correspondences [30]. Extract–transform–load processes move data into a warehouse in batches 

[31], and data virtualization exposes sources through one query layer [32]. Enterprise integration patterns describe the canonical data 

model and the message translator [8], and Evans names the anticorruption layer that keeps the model of one context from being dis-

torted by another [33]. The adapters in this paper are anticorruption layers for status. Two things set status apart: the mapping is a 

small table of meanings that people govern, rather than a schema correspondence to be discovered, and its errors have operational 

consequences. The mapping registry therefore has owners, versions and tests, and the transition guard serves as a runtime check on it. 

 

2.4. Change Capture and Event Streaming 

Log-based change data capture reads the transaction log of a database and publishes the changes in commit order. Databus at 

LinkedIn is an early description [11], Kafka provides the durable log from which consumers replay [12], and Kleppmann treats capture, 

event logs and derived views in book form [15]. Streams and tables are two views of the same data [34], which is why a status store 

can be rebuilt from a log. The outbox pattern writes an event to a table in the same transaction as the business change and relays it 

afterwards [14]. Exactly-once processing is available inside Kafka Streams [35], but at the boundary with other systems the practical 

guarantee is at-least-once delivery, and consumers must tolerate duplicates, a property that Helland calls idempotence [36]. Stream 

processing models keep event time apart from processing time [37], and complex event processing detects patterns over streams of 

events [38]. Studies of event-sourced systems and of data management in microservices report difficulties with schema evolution and 

with consistent derived views [39], [40]. 

 

2.5. State Models for Workflows 

Statecharts are a visual formalism for hierarchical state machines [13]. Workflow research models processes with Petri nets 

[41] and catalogs patterns of control flow [42]. Process mining discovers such models from event logs [43] and has been applied in 

healthcare [44], and texts on business process management cover modeling and analysis [45]. These works describe how to model or 

discover the progression of one process. We take the transition table as given by the organization, and we use it to check the statuses 

that mapped systems report, which is a different use. 

 

2.6. Consistency and Distribution 

Asynchronous propagation trades immediate consistency for availability and decoupling [46]–[48], and transactions that span 

systems are avoided in large systems for the same reason [49], [50]. The order of events across machines rests on logical time rather 

than on clock readings [51]. A query that fans out to many servers waits for the slowest of them, which Dean and Barroso call the tail 

at scale [52]. We rely on these results for the design of the read path and quantify the effect under the assumptions of Section VI. 

 

2.7. Gap 

The works above cover adoption, workflow, architecture modeling, integration theory, change capture and dashboards. None of 

them, taken alone, combines asynchronous capture of source changes, context-dependent normalization of status values with prove-

nance, and a transition guard that also detects mapping faults, and none quantifies the cost of the alternatives under one set of as-

sumptions. This paper provides such a treatment on synthetic data and marks what a deployment must still show. 

 

3. Status Vocabularies and Requirements 
3.1. Heterogeneous Status Vocabularies 

A process such as the verification of insurance for an admission, or the preparation of a prescription, passes through steps that 

are carried out in different departments, each with its own application. The applications record progress as a status value, usually a 

code with an optional second field, such as a reason or a payer class, that changes what the code means. We call the sequence of status-
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es that a process records for one encounter a status stream. Table I shows invented examples from three hypothetical systems. They 

come from no real product and serve only to show the kinds of difference that a mapping must resolve. 

 

Table 1. Invented Example Vocabularies of Three Source Systems and the Canonical State to Which Each 
Native Value Maps. A Reason (Qualifier) Changes the Mapping of Two of the Values 

Canonical State System A, Registration System B, Insurance System C, Pharmacy 

Initiated NEW REQ RECEIVED 

Pending WAIT AWAIT (reason: documents) QUEUED 

Under Review VERIF VERIFYING; AWAIT (reason: payer) PHARMACIST_REVIEW 

Approved CLEARED APPROVED RELEASED 

Rejected DENIED DENIED REJECTED 

In Progress ADMITTING none FILLING 

Completed CLOSED CLOSED DISPENSED 

Exception ERR; CLOSED (reason: cancelled) ERR ON_HOLD 
 

The table contains four kinds of difference. Systems use different words for the same stage, as with VERIF, VERIFYING and 

PHARMACIST_REVIEW. The same word can also name different stages: AWAIT in the insurance system means a request that waits for 

documents or a request that waits for a payer, depending on the reason. Granularity differs, since the insurance system has no value 

that corresponds to In Progress. Finally, terminal values are overloaded: CLOSED is a completed process unless the reason says that it 

was cancelled. A mapping that looks only at the code gets two of the four wrong. 

 

3.2. Requirements 

The pattern is designed to meet the ten requirements in Table II. They are stated as properties of the whole federation, so that the 

architecture and the evaluation can both refer to them. 

 

Table 2. Requirements of the Pattern and the Mechanism That Meets Each 
ID Requirement Mechanism 

R1 Source autonomy: sources keep their schemas, labels and release cycles, 
and no source is changed 

Read-only extractors; no write path to a 
source 

R2 Asynchronous propagation: a read never waits for a source Durable event log; separate status store 

R3 Complete capture: every committed status change is captured, or its loss 
is detected 

Extraction technique chosen per 
source; heartbeats; gap rule E4 

R4 Context-dependent normalization: the mapping may depend on source, 
code, qualifiers and time, and an unmapped value is never guessed 

Versioned mapping registry; quaran-
tine of unmapped events (E6) 

R5 Provenance: every canonical state links to its source event, its native val-
ue and its mapping version 

Envelope keeps the native value; the 
store records the version 

R6 Progression validation: transitions are checked, and illegal ones are visi-

ble 

Transition table with strict and lenient 

modes; quarantine (E5) 

R7 Idempotent, order-tolerant processing: duplicates, late events and gaps 
are handled by rule 

Rules E1 to E4; sequence numbers per 
source 

R8 Read isolation: dashboard queries do not touch source systems Pre-normalized, read-only status store 

R9 Extensibility: a new source needs one adapter and one set of rules Adapter and registry per source (Prop-
osition 1) 

R10 Security and auditability: identifiers are protected and every change is 
traceable 

Role-based access, encryption, audit log 
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The requirements correspond to dimensions that data-quality frameworks for health records name, namely completeness, plau-

sibility and currency [53], [54]. R3 concerns completeness of capture, R6 is a plausibility check on the stream of statuses, and the 

freshness display of Section IV makes currency visible, since the federation is asynchronous and never as current as a source. 

 

3.3. Principles 

Five principles guide the design, and Table III relates each to the requirements it serves and to the mechanism that realizes it. 

Under system autonomy, sources keep their schemas and business rules. Asynchronous propagation means that no component waits 

on a source in order to answer a read. Schema agnosticism requires the federation to interpret status through a mapping instead of 

through assumptions about source tables. State consistency asks that every status stream have one canonical state at any time and that 

illegal progressions be surfaced. Presentation independence, finally, means that the dashboard reads a store that the federation owns. 

 

Table 3. The Five Design Principles, the Requirements they Serve and the Mechanisms that Realize them 
Principle Requirements Realized by 

System autonomy R1, R9 Read-only extractors, one adapter per source 

Asynchronous propagation R2, R3 Event log between capture and use 

Schema agnosticism R4, R5 Mapping registry with qualifiers and versions 

State consistency R6, R7 Transition table, rules for duplicate and late events 

Presentation independence R8 A store that the federation owns 
 

3.4. Scope 

The federation is a read-only information layer. It never writes to a source, and it neither replaces transactional systems or clin-

ical documentation nor infers clinical meaning. Each status stream is keyed by encounter and process. We assume that every source 

can supply an encounter identifier, or a patient identifier that an enterprise index resolves to one. Record linkage is a separate problem 

with its own literature [55], and a linkage error would show as a status attached to the wrong encounter. The study in this paper does 

not examine it. 

 

4. Architecture 

 
Figure 1. Layers of the Federation. Solid Arrows Carry Events, and Dashed Arrows Carry Configuration 

and Reconciliation. Sources are Read but Never Written 
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4.1. Overview 

Fig. 1 shows the layers. Source systems keep their own databases. One extractor per source reads committed changes and wraps 

each in an event. The events go to a durable log, which absorbs bursts and lets consumers fall behind and catch up. The normalization 

engine reads the log, translates native statuses with the mapping registry, and passes canonical events to the state service. The state 

service applies each event to the status stream it belongs to, under the transition table, and writes the result to the status store. The 

dashboard and every other reader query the store. Governance, meaning access control, audit and retention, applies to all layers. Two 

flows are off the main path: the registry supplies mappings to the engine, and a quarantine queue returns events to the state service 

after a person has reconciled them. 

 

4.2. Extraction from Sources 

The extractor is the only component that touches a source, and the technique it uses decides which changes can be lost. There 

are three families of technique, and one deployment may use different ones for different sources (Table IV). 

 

Table 4. Extraction Techniques, What Each Needs from the Source, and What Each Can Lose 
Technique Needs from the source Can lose Latency 

Timestamp water-
mark 

Read access; a timestamp 
column 

Late commits, unchanged timestamps, dele-
tions, overwritten versions 

Poll interval 

Watermark with 
overlap 

The same Unchanged timestamps, deletions, overwrit-
ten versions 

Poll interval 

Snapshot comparison Read access Versions overwritten within one interval Poll interval 

Log-based capture Log access and privileges Nothing committed, if the log is retained Short 

Outbox, log or polled A change in the source Writes that bypass the outbox As the reader 
  

Log-based capture reads the transaction log of the source database. It needs no change to the application or the schema, but it 

needs privileges on the log, support from the vendor, and a log that is retained long enough for the extractor to resume after an out-

age. It delivers every committed change in commit order, including changes that do not touch a timestamp column, and the log posi-

tion serves as a sequence number [11]. Outbox capture adds a table that the application, or a trigger, writes in the same transaction as 

the business change, and a relay then publishes its rows [14]. This needs a change in the source, which the owner of the source may 

not accept, and it misses every write that bypasses the outbox, such as a batch job or an administrative script. Query-based capture 

needs only read access. A timestamp watermark asks for the rows whose change time is later than the last row seen. This loses a 

change that commits late with an earlier timestamp, because the watermark has passed it, and it cannot see an update that leaves the 

timestamp unchanged or a row that was deleted. An overlap window repeats the read of everything within a margin of the watermark 

and discards duplicates by key and version, which recovers late commits up to the size of the margin. Snapshot comparison reads the 

whole table and compares it with the previous read. It sees updates that leave the timestamp unchanged and deletions, but it collapses 

several changes within one interval into one, and its read cost grows with the size of the table rather than with the number of changes. 

 

 
Figure 2. Shows How a Watermark Loses a Change That Commits Late 
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Fig. 2. A watermark poll loses a late commit. Transaction A starts first and commits after the poll that has already read transac-

tion B, so the watermark passes the timestamp of A. An overlap window re-reads rows within a margin of the watermark and recovers 

A. 

 

Every extractor also emits a heartbeat with its position, even when no change occurs. The federation can then tell a quiet source 

from a broken extractor, and the dashboard can show the age of the latest news from each source. 

 

4.3. Event Envelope 

Every extractor emits the same envelope (Table V). The envelope carries the native status exactly as the source stored it, with its 

qualifiers, and no later stage replaces it. Time stamps serve display and the measurement of lag. Ordering within one source uses the 

source sequence number, and no comparison of clocks across sources is assumed. 

 

Table 5. Fields of the Event Envelope. 
Field Content 

event_id Unique identifier, formed from the source and the log position 

source_id The source system and its extractor 

stream key Encounter identifier and process 

source_seq Sequence number or log position, increasing within the source 

commit_time Time of the commit by the clock of the source 

capture_time Time of capture by the clock of the extractor 

operation Insert, update or delete 

native_code The status exactly as the source stored it 

qualifiers Named fields that can change the meaning of the code 

txn_id Transaction identifier of the source, where available 

schema_version Version of the layout of the source row 

raw_ref Pointer to the retained raw row, subject to retention policy 
 

4.4. Mapping Registry and Normalization 

The normalization engine computes the canonical state of an event from the source, the native code, the qualifiers and the 

commit time. The registry holds one record per rule (Table VI). A rule names a source and a native code and may add a predicate on 

qualifiers and an interval of validity. Of all rules that are valid at the commit time of the event and match it, the one with the most spe-

cific qualifier predicate wins. Two matching rules of equal specificity are a registry error that is rejected when the rule is approved, so 

that the result is deterministic. An event that matches no rule is never guessed; it is quarantined with the reason unmapped, and the 

number of unmapped events per source is a monitored quantity. 

 

Table 6. Fields of a Mapping Rule in the Registry 
Field Content 

rule_id, version Identifier and version of the rule 

source_id, native_code The native status that the rule matches 

qualifier predicate Optional condition on qualifier fields, for example reason = cancelled 

canonical_state The state to which the rule maps 

valid_from, valid_to Interval of commit times in which the rule applies 

steward The person who owns the meaning of the status 

approval Proposer, approver and approval time; the two persons differ 

test evidence Reference to the replay test that supported the rule 

note Free text, for example the source documentation consulted 
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Rules follow a short life cycle. A steward or an integration analyst proposes a rule. A test replays recorded events of the source 

through the proposed rule and shows the canonical sequences that result and the guard outcome. The owner of the source process 

approves the rule, and the proposer cannot be the approver. The rule becomes active from an effective time, and monitoring of un-

mapped events and of guard flags per native code follows. When a rule turns out to be wrong, the corrected rule gets a new version 

with the effective time of the original error, and the engine normalizes the retained events of the affected codes again. The store rec-

ords the mapping version with every state, so a state computed under the old version is distinguishable, and the audit trail shows both. 

Fig. 3 illustrates the resolution of one qualified status. 

 

 
Figure 3. Resolution of a Native Status. The Most Specific Matching Rule That Is Valid at the Commit 

Time of the Event Wins, and the Event Keeps Its Native Code and the Version of the Rule 
 

4.5. Unified State Machine 

The eight canonical states are listed in Table VII. They form an operational vocabulary and not a clinical one. Where an export is 

needed they can be projected onto the status codes of the FHIR Task resource [7], with a loss of detail. 

 

Table 7. Canonical States 
State Code Meaning 

Initiated INI A request exists and no one has acted on it 

Pending PEN The process waits for an action or input from outside, such as documents, a payer or a patient 

Under Review REV A person or a system is evaluating the request 

Approved APP A decision to proceed has been made 

Rejected REJ A decision not to proceed has been made; the request can be resubmitted 

In Progress PRG Work toward completion is under way 

Completed CMP The process has ended; no transition leaves this state 

Exception EXC The process cannot continue normally and needs attention: an error, a hold or an escalation 
 

The transition table lists the moves that a status stream may make (Table VIII and Fig. 4). Completed is terminal. Exception can 

be entered from any non-terminal state and leaves toward the stages at which work can resume. The guard has two modes. The strict 

mode passes only the listed transitions. The lenient mode also passes forward moves along the main path, from Initiated through 

Pending, Under Review, Approved and In Progress to Completed, so that skipped statuses are tolerated, and it passes any move from a 

non-terminal state into Rejected or Exception and any move out of those two states except a return to Initiated. A source that reports 

every step of its process suits the strict mode, and a source whose extraction can collapse steps suits the lenient mode. The choice is 

made per source, and Section VII measures what it costs in each direction. 
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Table 8. Moves Accepted By The Strict Guard, and the Moves that the Lenient Guard Adds. A Repeated 
State Is Not A Transition. The Strict Table Has 24 Moves and the Lenient Mode Adds 15. State Codes Are 

Those of Table 7 
From Strict Table Added By The Lenient Mode 

INI PEN, PRG, EXC REV, APP, REJ, CMP 

PEN REV, APP, REJ, EXC PRG, CMP 

REV PEN, APP, REJ, EXC PRG, CMP 

APP PRG, CMP, EXC REJ 

REJ PEN, CMP, EXC REV, APP, PRG 

PRG PEN, CMP, EXC REJ 

CMP none none 

EXC PEN, REV, PRG, CMP APP, REJ 
 

Events that cannot be applied cleanly are handled by six rules, which are stated here and are not part of the experiments. 

 E1 Duplicate. An event whose source, stream and sequence number have already been processed is dropped and counted. 

 E2 Same state. An event that maps to the current state updates the time stamps and the provenance and records no transi-

tion. 

 E3 Late event. An event with a sequence number below the highest one processed for the same source and stream is added to 

the history with a mark and does not change the current state. 

 E4 Gap. If a source supplies contiguous sequence numbers and one is missing, the extractor re-reads the entity, and the 

stream is marked possibly stale until the re-read arrives. 

 E5 Illegal transition. The event goes to the quarantine queue with the reason, the stream is flagged, and the current state 

stays at the last accepted one. The dashboard shows that state with a marker. 

 E6 Unmapped. The event goes to the quarantine queue with the reason unmapped. 

 

 
Figure 4. Canonical States and the Moves of the Strict Guard. The Arcs above the Top Row are The For-

ward Skips That the Strict Table Allows. Moves into Exception from Every State but Completed, and Out 
of It, are Drawn as Labelled Stubs, and The Return From in Progress to Pending is Not Drawn. Table 8 

Lists Every Move, Including Those That Only the Lenient Guard Accepts 
 

Staff resolve a quarantine item by accepting the transition as legal for that stream, by correcting the mapping, or by recording a 

defect of the source, and the resolved event then re-enters the state service. A source can report the Exception state itself. That is a 

status of the process, whereas quarantine is how the federation handles statuses that it cannot apply, and the two are kept apart. 
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4.6. Status Store and Dashboard 

The status store holds one current row per stream, with the canonical state, the previous state, the time since which the state 

holds, the source, the native code and qualifiers, the mapping version, the event identifier and a flag. An append-only history table 

keeps every applied transition. The store is derived data: it can be rebuilt from the log (Section V). Indexes serve the three reads that 

the dashboard makes, namely counts by state, lists of exceptions and quarantined items, and lookups by encounter. The dashboard also 

shows the freshness of every source, which is the age of its latest event or heartbeat. A reader who sees a stream in Pending can there-

fore also see how old the news from its source is. 

 

Fig. 5 contrasts the two ways to serve such a dashboard. A federated path translates at read time: the dashboard queries every 

source, translates with the registry and merges. The data are as current as the sources, but the response time depends on the slowest 

source, the availability on all sources at once, and the load on the transactional systems on the number of dashboard users. The pre-

normalized path moves translation to write time. It needs a store and a synchronization step, and it adds a delay between a commit in 

a source and its appearance on the dashboard. Section VII quantifies both paths. 

 

 
Figure 5. Two Query Paths. In The Federated Path (A) the Dashboard Waits For Every Source and Trans-
lates At Read Time. In The Pre-Normalized Path (B) Translation Happens When an Event Is Applied, and 

the Dashboard Reads One Store 
 

4.7. Security, Governance and Extensibility 

The store holds patient identifiers, so it is a repository of protected health information and is governed as one (Table IX). The 

pattern supports the controls in the table, but compliance remains a property of each deployment. Role-based access follows long-

standing models [56], [57]: a registrar sees registration and insurance streams, a pharmacist sees pharmacy streams, and a supervisor 

sees counts and exceptions across processes. Extractor accounts hold read-only privileges and no more than they need [58]. Require-

ments for such controls appear in the HIPAA Security and Privacy Rules [59], [60], control catalogs give implementation detail [61], 

and authentication between services follows zero-trust principles [62]. 

 

A new source is added in six steps. The integration team inventories the statuses and qualifiers of the source, writes the registry 

rules, chooses an extraction technique, replays recorded events through the proposed rules, runs the source in a shadow period in 

which flags are reviewed and nothing is shown, and then activates it. The artifacts that this requires are one adapter and one set of 

rules, and the existing adapters, rules and components stay as they are (Proposition 1). 
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Table 9. Controls for the Status Store and the Federation, and the Guidance behind Each 
Area Measure Basis 

Authentication Strong authentication of users; mutual authentication between services Zero-trust principles 

Authorization Role-based views by process and responsibility; read-only extractor ac-
counts 

Role-based access con-
trol 

Encryption Encryption in transit and at rest for the log, the store and retained raw 
rows 

HIPAA Security Rule 

Audit Log of patient-level reads and registry changes, in tamper-evident stor-
age 

HIPAA Security Rule 

Integrity Sequence numbers and idempotent application; approver differs from 
proposer 

Separation of duties 

Minimum neces-
sary 

Views show the fewest identifiers that the task needs; supervisors see 
counts 

HIPAA Privacy Rule 

Retention Periods for events, raw rows and history set by policy; scheduled deletion Organizational policy 

Recovery Replay rebuilds the store; extractors resume from their last position Contingency planning 
 

5. Formal Model 
5.1. Definitions 

Let S = {1, …, n} be the source systems. Source s has a set Σs of native status codes and a set Qs of qualifier values, which in-

cludes the value none. Let C be the set of canonical states, with |C| = k = 8, and let ⊥ ∉ C mark an unmapped event. A version v of the 

registry gives each source a mapping 

𝜇𝑠
𝑣: 𝛴𝑠 × 𝑄𝑠 → 𝐶 ∪ {⊥}. (1) 

 

Selection of the most specific matching rule makes μ a function, because ties are rejected at approval. An event is e = (s, x, σ, q, 

a, t), where x is the key of the status stream, σ the native code, q the qualifiers, a the sequence number that the source assigns, and t 

the commit time. The registry history is a piecewise constant function v(t), and corrections enter it with backdated effective times. The 

canonical state of an event is 

𝑐(𝑒) = 𝜇𝑠
𝑣(𝑡)(𝜎, 𝑞). (2) 

 

The transition relations are Tstrict ⊆ C × C and Tlenient ⊇ Tstrict. A guard g accepts a move from c to c′ if c = c′ or (c, c′) ∈ Tg, which 

is rule E2 for repeated states. Algorithm 1 applies one event to its stream. The set seen holds the triples (s, x, a) of events that have 

been processed in any way, and ax[s] is the highest sequence number that has been processed for stream x from source s. An event 

that a person has reconciled is applied directly, as in step 8, with the resolution recorded. 

 

Algorithm 1. Application of one event to its status stream 

1: c ← c(e) from the registry version in force at t; read the state cx of stream x and the number a′ = ax[s] 

2: if (s, x, a) ∈ seen then count a duplicate and return (E1); otherwise add it to seen 

3: ax[s] ← max(a′, a) 

4: if a > a′ + 1 and the source numbers its events without gaps then request a re-read of x and mark x possibly stale (E4) 

5: if c = ⊥ then quarantine e as unmapped and return (E6) 

6: if a < a′ then add e to the history, marked late, and return (E3) 

7: if c = cx then update times and provenance and return (E2) 

8: if cx is not yet defined or (cx, c) ∈ Tg then write the new state, the previous state, the mapping version and e to the store and the 

history 

9: else quarantine e as illegal transition and flag x (E5) 

 

The algorithm does constant work per event apart from the lookup of the rule and the read and write of one stream. 



*Neeraj Gaddam [2022]       Unified State Machine Normalization across Heterogene-ous Clinical Systems: An Archi-

tectural Pattern for Enter-prise Status Federation 

  

 

 71 

5.2. Mapping Artifacts 

A point-to-point network of translators needs one translator for each ordered pair of systems that must see each other's status-

es. A hub needs one adapter for each system. With n systems, 

𝑁p2p(𝑛) = 𝑛(𝑛 − 1),  𝑁hub(𝑛) = 𝑛. (3) 

 
𝐸p2p(𝑛) = 2(𝑛 − 1),  𝐸hub = 1 (4) 

 

A change in the vocabulary of one system touches artifacts, since the system takes part in n − 1 translators as source and in n − 

1 as target, and the hub has a single mapping for it. Proposition 1 (artifact counts). For n systems with m native (code, qualifier) entries 

each, point-to-point translation needs n(n − 1) translators and n(n − 1)m entries, and the hub needs n adapters and nm entries. A vo-

cabulary change touches 2(n − 1) translators or one mapping, and the addition of a system to n existing ones needs 2n new translators 

or one adapter. Proof. Each ordered pair of distinct systems has its own translator, and each translator holds one entry for each of the 

m entries of its source. A new system adds n translators from it and n translators to it. In the hub, each system has one adapter with 

one mapping of m entries.  

 

The count is the worst case in which every system needs the statuses of every other. If only a fraction ρ of the ordered pairs is 

needed, the hub needs fewer artifacts when 

𝜌 𝑛 (𝑛 − 1) > 𝑛 ⇔ 𝑛 > 1 + 1/𝜌. (5) 

 

For ρ = 1/4 this holds from six systems onward, and at five systems the two counts are equal. 

 

5.3. Replay 

Proposition 2 (replay). Let the log hold events e1, …, eN in a fixed order, and let the registry history and the guard mode be fixed. 

Applying the events to an empty store with Algorithm 1 gives a store that depends only on the log, the registry history and the guard 

mode. Presenting any event a second time, at any later point, leaves the store unchanged. Proof. Every step of the algorithm depends 

on the event, on the registry version at its commit time, and on the state that the earlier steps produced. The result is therefore a func-

tion of the log and the registry history. A repeated event has the triple of an event in seen, which step 2 drops, and seen is not part of 

the store that readers see.  

 

The proposition justifies two operations that the architecture relies on. The store can be rebuilt from the log after a loss, and the 

events of a corrected rule can be normalized again, because both are replays under a registry history. 

 

5.4. Guard Comparison 

Let a mapped sequence be c1, …, cr. A guard flags it when some move is not accepted: 
𝐹𝑔(𝑐1, … , 𝑐𝑟) = ∃ 𝑖 < 𝑟: 𝑐𝑖 ≠ 𝑐𝑖+1 ∧ (𝑐𝑖 , 𝑐𝑖+1) ∉ 𝑇𝑔. (6) 

 

An encounter is affected by a mapping fault when its mapped sequence differs from its true canonical sequence. With π the 

share of affected encounters, the quantities of the study are 

det𝑔 = Pr[𝐹𝑔 ∣ affected], fa𝑔 = Pr[𝐹𝑔 ∣ unaffected], prec𝑔 =
𝜋 det𝑔

𝜋 det𝑔+(1−𝜋) fa𝑔
. (7) 

 

Detection and false alarms are the recall and the false positive rate of the guard as a classifier of affected encounters, and preci-

sion follows from them and from π [63]. 

 

Proposition 3 (guard comparison). For every mapped sequence, Flenient implies Fstrict, whether the sequence is only classified or 

the guard also quarantines moves and compares later moves with the last accepted state. The detection rate and the false-alarm rate of 

the lenient guard are therefore no higher than those of the strict guard on the same encounters. Proof. The lenient mode adds moves to 

the strict table and removes none, so Tstrict ⊆ Tlenient. In the classifying case, a move that the lenient guard rejects is rejected by the strict 

guard. In the quarantining case, let i and j be the first positions at which the strict and the lenient guard reject a move. Before min(i, j) 

neither guard has quarantined anything, so both compare the same pairs, and the inclusion of the tables gives i ≤ j whenever j exists. 

Rates are expectations of the flags over the same encounters, and the inequality between flags carries over.  



*Neeraj Gaddam [2022]       Unified State Machine Normalization across Heterogene-ous Clinical Systems: An Archi-

tectural Pattern for Enter-prise Status Federation 

  

 

 72 

A guard sees only pairs of consecutive states. Two canonical states with the same predecessors and the same successors cannot 

be told apart by it, so a mapping fault that swaps them is invisible. No two states of Table VIII have both the same predecessors and the 

same successors. Approved and Rejected have the same predecessors, Pending and Under Review, and different successors, so a swap 

between them shows only through what follows the swapped state. Rejected and In Progress have the same successors and different 

predecessors. The check is mechanical, and a designer of a transition table can run it for every pair of states. 

 

5.5. Query Path 

Let the latencies L1, …, Ln of n sources be independent and identically distributed, let qp be the p-quantile of one of them, m the time to 

merge the answers, and a the availability of one source. A federated query waits for all sources and needs all of them: 

𝐿𝑛 = max(𝐿1, … , 𝐿𝑛) + 𝑚,  Pr[𝐿𝑛 −𝑚 > 𝑞𝑝] = 1 − 𝑝𝑛 ,  𝐴𝑛 = 𝑎𝑛 . (8) 

 

The probability of exceeding the 99th percentile of a single source is 1 − 0.99n, so it is 11% for twelve sources, as the tail-at-scale 

argument of [52] predicts. The availability falls with n in the same way. A pre-normalized store answers from one place, and its laten-

cy and availability do not depend on n. 

6. Evaluation Method 
The study has four parts, and each addresses one design question: how many artifacts a hub saves (Part A), which extraction 

technique loses which changes (Part B), what the read path costs (Part C), and how much of the mapping error the transition guard 

exposes (Part D). All parts use synthetic data generated by the code that accompanies the paper. No clinical, order or patient record is 

used. The parameters are illustrative: they are chosen to be plausible and to make the mechanisms visible, and they are not calibrated 

to any installation. The results therefore show how the mechanisms behave and what they depend on; they are not predictions for any 

particular hospital. 

 

6.1. Part A: Mapping Artifacts 

The counts of Section V are evaluated for n from 2 to 16 systems with m = 12 native values per system. The part is analytic and 

has no random element. 

 

6.2. Part B: Change Extraction 

The generator produces the committed status changes of one day for 5,000 records. Table X lists the parameters. Each record 

passes through several versions. A version has a row timestamp that is set when its transaction starts, and it becomes visible when the 

transaction commits, which is how a long transaction can commit behind a watermark that other rows have already advanced. Most 

commits follow the start within tens of milliseconds, and a small share are long transactions. Some updates leave the timestamp col-

umn unchanged, as happens when an application updates a status column without touching the audit column, and some updates do 

not write the outbox, as happens when a batch job or a script changes the table directly. The extraction pipeline has outages, during 

which polls are skipped and log reads wait until the pipeline is back. 

 

Table 10. Parameters of the Extraction Study 
Parameter Value 

Records 5,000, one status row each 

Horizon 86,400 s; later updates are dropped 

Versions per record 3 + Poisson(2.5); mean 27,016.5 updates per run 

First version Uniform over the first 85% of the day 

Gap between versions Lognormal, median 1,200 s, σ = 1.2 

Commit lag, long transaction Probability 0.5%; lognormal, median 20 s, σ = 1.0 

Commit lag, otherwise Lognormal, median 0.03 s, σ = 0.6 

Timestamp unchanged 2% of updates after the first 

Bypass of the outbox 3% of versions 

Poll interval I 60 s 

Overlap margin δ 300 s 

Pipeline outages 2 per day, mean duration 300 s 
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Log capture latency Lognormal, median 0.5 s, σ = 0.5 

Seeds 8 in the default scenario, 4 in each sweep 
 

Six strategies read the same stream of updates, so that differences between strategies are paired by seed [64]. 

 TS. Every I seconds the extractor reads the rows whose timestamp is later than a watermark, which is the highest timestamp 

read so far. 

 TS+overlap. The same, but each poll also re-reads the rows within δ of the watermark and discards duplicates by record and 

version. 

 Snapshot. Every I seconds the extractor reads the whole table and compares it with the previous read. Changes within one in-

terval collapse into the last version. 

 Log. Every committed version is delivered after a short capture latency, or after the end of an outage that was in progress at 

the commit. 

 Outbox log. The same, for the versions that wrote the outbox. 

 Outbox poll. The outbox rows are polled with a timestamp watermark, as for TS. 

 

Four measures describe a strategy. Capture is the share of committed versions that were delivered at least once. Stale records is 

the share of records whose last delivered version is not their final version at the end of the run, which is what a reader of the status 

store would see as a wrong state. Latency is the time from commit to delivery, reported as the median and the 95th and 99th percen-

tiles over delivered versions. Read amplification is the number of rows that the extractor read for each delivered version. Each run 

continues for an hour and three poll intervals after the day ends, so that the last polls can finish. 

 

The default scenario uses 8 seeds. Four one-factor sweeps, each with the first 4 seeds, vary the poll interval I over 5, 15, 60 and 

300 s, the share of long transactions over 0, 0.5%, 2% and 5%, the share of updates that leave the timestamp unchanged over 0, 2% 

and 5%, and the share of updates that bypass the outbox over 0, 3% and 10%. 

 

6.3. Part C: Query Path 

The first measurement is a micro-benchmark in SQLite, in one process on one machine, with a warm cache. Each of n sources, 

with n = 2, 5 and 8, has a table of 100,000 rows with an identifier, a native code, a qualifier, a timestamp and a payload, with an index 

on code, qualifier and timestamp, and a mapping table translates, for each source, the 36 combinations of 12 native codes and 3 qualifi-

er values into the eight canonical states. The federated variant translates at query time: it joins each source table with the mapping 

table, runs one query per source and merges the results in the client. The pre-normalized variant has one table with the source, the 

identifier, the canonical state and the timestamp, built once by a backfill step and indexed on state and time and on the identifier. 

Three queries are timed (Table XI): counts by canonical state (Q1), the first 50 exception rows in timestamp order (Q2), and eight 

lookups by identifier (Q3), where the federated variant asks each source in turn. After one warm-up run, Q1 is repeated 9 times, Q2 15 

times and Q3 100 times, and the median and the 95th percentile are reported. This measures the cost of translating at query time in-

side one database engine. It has no network, no concurrent writers and no contention, so it does not measure a federated query across 

real systems. 

 

Table 11. Parameters of the Query-Path Measurements 
Parameter Value 

SQLite sources n 2, 5 and 8 

Rows per source 100,000 

Mapping entries 12 native codes × 3 qualifier values = 36 per source 

Q1 Count of rows by canonical state 

Q2 First 50 rows in state Exception, in timestamp order 

Q3 Eight lookups by identifier 

Repetitions Q1 9, Q2 15, Q3 100, after one warm-up run 

Source latency Lognormal, median 80 ms, ratio of 99th percentile to median 6 

Store latency Lognormal, median 25 ms, ratio 4 
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Merge time 5 ms 

Availability 99.5% per source, 99.95% for the store 

Fan-out model n = 1, 2, 3, 5, 8, 12; 60,000 draws per n 
 

The second measurement is a Monte Carlo model of fan-out. The latency of one source is lognormal with a median of 80 ms and 

a ratio of 99th percentile to median of 6. The pre-normalized store has a median of 25 ms and a ratio of 4. A federated query takes the 

maximum over n independent source latencies and adds 5 ms for merging, for n = 1, 2, 3, 5, 8 and 12, with 60,000 draws for each n. 

The availability of a source is 99.5% and that of the store is 99.95%. These values are assumptions, and the results follow from them; 

the model is meant to show how the effect grows with n, and the closed forms of Section V are checked against the draws. 

 

6.4. Part D: Transition Guard 

A source-to-canonical mapping is built for three source systems, each with one to three native codes for every canonical state. 

Encounters are random walks over the canonical states that start at Initiated and use the probabilities of Table XII. A walk ends at 

Completed or, in about 0.1% of the walks, when it reaches 20 statuses. Each status that an encounter passes through is reported with a 

native code drawn from the codes of that state in any of the three systems. Interior statuses are left unreported with a probability of 

5%, which models changes that no extractor observed. Faults are injected into the mapping. A fault changes the canonical state of one 

native code to a different state: in the adjacent regime to a neighbor of the true state, as listed in Table XII, and in the random regime 

to any other state. One, two or four codes are faulty in a trial, and the codes are chosen at random. A scenario has 300 trials, each with 

a new vocabulary and a new fault set, and 1,000 encounters per trial. 

 

Table 12. Transition Probabilities of the Encounter Walks in the Guard Study and the Neighbor States 
Used For Adjacent Faults 

From Next State, Probability Adjacent Substitutes 

INI PEN 0.80, PRG 0.12, EXC 0.08 PEN 

PEN REV 0.55, APP 0.30, REJ 0.08, EXC 0.07 INI, REV 

REV APP 0.70, REJ 0.15, PEN 0.08, EXC 0.07 PEN, APP 

APP PRG 0.75, CMP 0.17, EXC 0.08 REV, PRG 

REJ PEN 0.60, CMP 0.30, EXC 0.10 EXC, PEN 

PRG CMP 0.88, PEN 0.04, EXC 0.08 APP, CMP 

CMP none PRG 

EXC PEN 0.35, REV 0.20, PRG 0.30, CMP 0.15 REJ, PEN 
 

The guard classifies an encounter as flagged when any consecutive pair of its mapped states is outside the accepted relation, in 

the sense of Section V, for the strict table and for the lenient mode. The measures are those of Section V: the share of affected encoun-

ters, detection, false alarms and precision. One more measure concerns what a person would find: surfaced codes is the share of faulty 

codes that appear in at least one flagged encounter, among the faulty codes that appear in any affected encounter. A code that is never 

surfaced would go unnoticed even if someone reviewed every flagged encounter. 

 

6.5. Statistics 

For Part B, means are given with 95% intervals based on the t distribution over seeds (t = 2.36 for eight seeds and 3.18 for 

four) [64]. The percentiles of latency are computed over all delivered versions of a run and then averaged over seeds, and the 99th 

percentile under outages is noisy, because a few versions wait for the end of an outage. Rates in Part D are pooled over trials, and their 

95% intervals come from the spread across trials, since the encounters of a trial share one set of faulty codes and would give an inter-

val that is too narrow if treated as independent. The micro-benchmark of Part C is one run for each configuration, and its repetitions 

are not independent of one another, so the percentiles describe the spread of repeated execution on one machine rather than a confi-

dence interval. 
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7. Results 
7.1. Mapping Artifacts 

Table XIII gives the counts of Proposition 1 for m = 12 native values per system. The two approaches need the same number of 

artifacts at two systems. The ratio of translators to adapters is n − 1, so it grows linearly with the number of systems, and the differ-

ence between the two counts grows with its square. At eight systems point-to-point translation needs 56 translators with 672 entries, 

against 8 adapters with 96 entries for the hub. A change of one vocabulary touches 14 translators at eight systems and 30 at sixteen, 

and one mapping in the hub. Adding a ninth system to eight needs 16 translators or one adapter. The figures follow from the formulas 

and are not evidence about any organization, but they show how quickly pairwise translation grows, and Fig. 6 plots them. 

 

Table 13. Artifacts of Point-To-Point Translation and of The Hub With 12 Native Values Per System. A Vo-
cabulary Change Touches One Mapping In the Hub 

N Translators, Pairwise Adapters, Hub Ratio Entries, Pairwise Entries, Hub Edits Per Change, Pairwise 

2 2 2 1 24 24 2 

4 12 4 3 144 48 6 

8 56 8 7 672 96 14 

12 132 12 11 1,584 144 22 

16 240 16 15 2,880 192 30 
 

 
Figure 6. Artifacts Needed By Point-To-Point Translation and By a Canonical Hub As the Number of Sys-

tems Grows (A), and the Number of Artifacts Touched By a Change to One Vocabulary (B) 
 

7.2. Change Extraction 

Table XIV gives the results of the default scenario, and Fig. 7 shows them. 

Table 14. Extraction Strategies in the Default Scenario. Capture and Stale Records Are Means Over Seeds 

With 95% Intervals. Latency Is the Time from Commit to Delivery 
Strategy Capture (%) Stale Records 

(%) 
Median 
(S) 

95th 
(S) 

99th (S) Rows Read Per Ver-
sion 

Timestamp polling 97.97 ± 0.09 2.25 ± 0.18 30.0 57.3 59.7 ± 0.2 1.0 

Polling with overlap 98.37 ± 0.07 1.82 ± 0.14 30.0 57.3 59.7 ± 0.2 5.8 

Snapshot compari-
son 

99.81 ± 0.06 0.00 ± 0.00 30.0 57.3 59.7 ± 0.2 164.5 

Log-based capture 100.00 
± 0.00 

0.00 ± 0.00 0.5 1.2 10.5 ± 15.8 1.0 

Outbox, log reader 96.98 ± 0.08 3.22 ± 0.18 0.5 1.2 11.2 ± 16.7 1.0 

Outbox, polled 96.79 ± 0.08 3.40 ± 0.19 30.0 57.3 68.2 

± 14.6 

1.0 
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Figure 7. Extraction Strategies in the Default Scenario. (A) Share of Changes That Were Not Captured 

and Share of Records Left Stale at the End of the Day. (B) Median Latency from Commit to Delivery, On a 
Logarithmic Scale. Bars Show Means Over Seeds, and the Error Bars in (A) Are 95% Intervals 

 

Log-based capture delivered every committed change (100.0%) and left no record stale. Its median latency was 0.5 s and its 

95th percentile 1.2 s. The 99th percentile was 10.5 s with an interval of ±15.8 s, because a few versions committed during outages and 

waited for the pipeline to return. 

 

Timestamp polling missed 2.0% of the changes (±0.1%) and left 2.2% of the records stale at the end of the day. Its median la-

tency of 30.0 s is half the poll interval, as expected for a uniform wait, and 60 times that of the log. The misses have three causes: up-

dates that leave the timestamp unchanged are invisible to it, a long transaction can commit behind a watermark that later rows have 

already advanced, and a version that is overwritten before the next poll is never read. The sweeps below attribute most of the loss to 

the first cause. The overlap window recovered part of it, raising capture to 98.4% and lowering the share of stale records to 1.8%, a 

gain of about 0.4 percentage points on each measure. The cost was a read amplification of 5.8, as every poll re-read the rows within 

the margin. 

 

Snapshot comparison captured 99.8% of the changes and left no record stale, because it sees updates that leave the timestamp 

unchanged and always reads the final version of a record. Its misses were the versions that were overwritten within one interval. Its 

cost was a read amplification of 164.5: it read that many rows for every version that it delivered. 

 

The outbox variants lost the writes that bypassed the outbox. Capture was 97.0% for the log reader and 96.8% for the poller, 

which is close to what a bypass share of 3% of the versions implies, and 3.2% and 3.4% of the records were stale. The poller also had 

the latency of polling, with a median of 30.0 s. 

 

7.3. Sensitivity of Extraction 

Table XV and Fig. 8 vary one factor at a time. Log-based capture is not affected by any of them and captured every change in all 

rows. 

 

Table 15. Capture (%) As One Factor Varies, With The Other Factors At Their Default Values. Log-Based 
Capture Was 100% In Every Row. Means Over Four Seeds 

Factor Setting TS Overlap Snapshot Outbox Log Outbox Poll 

Poll interval (s) 5 97.9 98.5 100.0 97.0 96.6 

 15 98.0 98.5 100.0 97.0 96.7 

 60 98.0 98.4 99.9 97.0 96.8 
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 300 94.4 94.7 96.0 97.0 97.0 

Long transactions 0% 98.2 98.4 99.9 97.0 97.0 

 0.5% 98.0 98.4 99.9 97.0 96.8 

 2% 97.5 98.4 99.8 97.0 96.3 

 5% 96.3 98.4 99.8 97.0 95.1 

Timestamp unchanged 0% 99.7 99.8 99.9 97.0 96.8 

 2% 98.0 98.4 99.9 97.0 96.8 

 5% 95.6 96.3 99.9 97.0 96.8 

Outbox bypass 0% 98.0 98.4 99.9 100.0 99.8 

 3% 98.0 98.4 99.9 97.0 96.8 

 10% 98.0 98.4 99.9 90.0 89.9 
 

A longer poll interval hurts the strategies that read the current row of a table. At I = 300 s the median latency of polling grew to 

146 s, and capture fell to 94.4% for TS, 94.7% with overlap, and 96.0% for snapshots, from 99.9% for snapshots at 60 s. A longer 

interval overwrites more versions before they are read. The polled outbox keeps every row, so it did not lose more at 300 s (capture 

97.0% against 96.8% at 60 s); only its latency grew. Shorter intervals than the default change little in capture and cut latency in pro-

portion, but they need more polls. 

 

The share of long transactions moves TS from 98.2% with none to 96.3% at 5%, while the overlap window holds at about 

98.4% across the range. The median long transaction of 20 s is far shorter than the margin of 300 s, which is why the overlap absorbs 

it. With no long transactions the overlap still gained a little (98.2% for TS and 98.4% with overlap), because the margin also re-reads 

rows whose timestamp was not updated, as long as that timestamp is still within the margin. A larger share of updates that leave the 

timestamp unchanged hurts both timestamp strategies, and the overlap window does not remove this loss: with 5% of updates affect-

ed, TS captured 95.6% and TS with overlap 96.3%, while snapshots captured 99.9%. The outbox variants follow the share of writes 

that bypass the outbox one to one: at 10% bypass the log reader captured 90.0%, and with no bypass it captured everything. 

 

 
Figure 8. Capture of Changes As One Factor Varies, For the Strategies That the Factor Affects. (A) Poll 
Interval. (B) Share of Long Transactions. (C) Share of Updates That Leave the Timestamp Unchanged. 

(D) Share of Writes That Bypass the Outbox. Lines Show the Mean Over Four Seeds 
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7.4. Query Path 

Table XVI gives the results of the SQLite benchmark. The federated variant slowed in proportion to the number of sources, 

while the pre-normalized table grew more slowly. For Q1, counts by state, the pre-normalized table took 12.9 ms at two sources and 

35.4 ms at eight, against 41.9 and 166.1 ms, which is a speedup of 3.2 to 5.0 times. For Q2, the first 50 exceptions, the pre-normalized 

time stayed near 0.04 ms at every n and the federated time grew from 0.13 to 0.51 ms, a speedup of 3.3 to 13.2 times. For Q3, lookups 

by identifier, the speedup was 1.4 to 4.3 times, since the federated variant must ask every source and the store asks one. The backfill of 

the three pre-normalized tables, which hold 1.5 million rows in all, took 2.8 s. These times describe one engine, one machine and a 

warm cache, and the speedups depend on the sizes and indexes chosen here. 

 

Table 16. Results of the Sqlite Benchmark. Speedup Is the Ratio of the Federated to the Pre-Normalized 
Median 

Query N Federated Median (Ms) 95th Pre-Normalized Median (Ms) 95th Speedup 

Q1 2 41.9 70.5 12.9 16.0 3.2 

 5 110.1 121.3 22.1 23.7 5.0 

 8 166.1 222.0 35.4 36.7 4.7 

Q2 2 0.13 0.21 0.04 0.05 3.3 

 5 0.31 0.36 0.04 0.05 8.1 

 8 0.51 0.55 0.04 0.07 13.2 

Q3 2 0.10 0.14 0.07 0.09 1.4 

 5 0.21 0.25 0.06 0.09 3.4 

 8 0.35 0.43 0.08 0.10 4.3 
 

 
Figure 9. Median Time of the Three Queries at Two, Five and Eight Sources, With Query-Time Transla-

tion (Federated) and With the Pre-Normalized Table. The Vertical Axis Is Logarithmic 
 

Table XVII gives the fan-out model. With one source the 99th percentile was 472 ms, and with twelve it was 903 ms, which is 

1.9 times as much, while the median grew from 85 to 277 ms. The share of queries that exceeded the 99th percentile of a single source 

was 11.5% at twelve sources in the draws and 11.4% in the closed form, and the two differed by at most 0.25 percentage points over all 

n. Availability fell to 94.2% at twelve sources. The store answered with a 99th percentile of 100 ms, which is 9.0 times lower than the 

twelve-source query, and its unavailability was about 1/117 of that of twelve sources. These figures follow from the assumed latencies 

and availabilities. They show the direction and the rate of the effect; a real installation would have its own numbers. 
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Table 17. Fan-Out Model: Latency of a Federated Query over N Sources, the Share of Queries That Exceed 
the 99th Percentile of a Single Source, And Availability. The Last Row Is the Pre-Normalized Store 

N Median (Ms) 95th (Ms) 99th (Ms) Exceed Single 99th, Draws Exceed, Closed Form Availability 

1 85 288 472 0.90% 1.00% 99.50% 

2 126 363 582 1.92% 1.99% 99.00% 

3 155 413 648 2.96% 2.97% 98.51% 

5 196 488 740 5.15% 4.90% 97.52% 

8 238 547 824 7.71% 7.73% 96.07% 

12 277 615 903 11.53% 11.36% 94.16% 

Store 25 67 100 – – 99.95% 
 

 
Figure 10. Fan-Out Model. (A) The Median and the 99th Percentile of the Latency of a Federated Query 
against the Number of Sources. The Dotted Line Is the 99th Percentile of yhe Pre-Normalized Store. (B) 

Availability of a Federated Query against the Number of Sources. The Dotted Line Is the Availability of 
the Store 

 

7.5. Transition Guard 

Table XVIII gives the results of the guard study. Encounters affected by a mapping fault made up between 15% and 47% of all 

encounters, depending on the number of faulty codes. The strict guard detected 41% (±3) of the affected encounters when two codes 

were mapped to a neighboring state, and 66% (±3) when they were mapped to a random state. The lenient guard detected 6% and 

35% in the same scenarios. A fault to a neighbor replaces a state by one next to it in the workflow, so the substitute often remains a 

legal move from the true predecessor or to the true successor, which is why such faults are harder to see than faults to a random state. 

The encounters of the study follow legal moves only, so without skipped statuses neither guard raised a false alarm. 

 
Figure 11. Detection of Affected Encounters By the Strict and the Lenient Guard Under Adjacent (A) and 
Random (R) Substitutions With One, Two or Four Faulty Codes (A), and False Alarms When 5% Of Sta-
tuses are Skipped, Without a Fault and together with Two Adjacent Faulty Codes (B). Error Bars Show 

95% Intervals over Trials 
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Table 18. Results of the Guard Study, Strict / Lenient, Pooled Over 300 Trials. Affected Is the Share of 
Encounters with a Wrong Mapped Sequence. The Other Measures are defined in the Text. Intervals for 

Detection over Trials are At Most ±4.5 Points 
Scenario Affected Detected, Strict / Le-

nient 

False Alarms, Strict / 

Lenient 

Codes Surfaced, Strict / 

Lenient 

Adjacent, 1 code 15% 36% / 3% 0.0% / 0.0% 87% / 32% 

Adjacent, 2 codes 27% 41% / 6% 0.0% / 0.0% 95% / 61% 

Adjacent, 4 codes 47% 47% / 8% 0.0% / 0.0% 99% / 81% 

Random, 1 code 15% 62% / 32% 0.0% / 0.0% 84% / 51% 

Random, 2 codes 27% 66% / 35% 0.0% / 0.0% 99% / 74% 

Random, 4 codes 47% 70% / 40% 0.0% / 0.0% 100% / 93% 

Skips only 0% – 9.9% / 0.5% – 

Adjacent, 2 codes, and 
skips 

26% 49% / 7% 10.0% / 0.4% 100% / 79% 

 

False alarms appear once sources skip statuses. With 5% of interior statuses unreported and no fault, the strict guard flagged 

9.9% of the encounters, and the lenient guard flagged 0.5%. A replicate with other seeds gave 9.8% and 0.5%. In the combined sce-

nario, with two faulty codes mapped to neighbors and skipped statuses, 26% of the encounters were affected. The strict guard detected 

49% of them and raised false alarms on 10.0% of the unaffected ones, so its precision was 64%. The lenient guard detected 7%, raised 

false alarms on 0.4%, and had a precision of 85%. The results agree with Proposition 3: in no scenario of Table XVIII does the lenient 

guard have a higher detection rate or a higher false-alarm rate than the strict guard. 

 

The code-level measure shows a second use of the guard. Even when it flags fewer than half of the affected encounters, the 

strict guard surfaced 100% of the faulty codes in the combined scenario, in the sense that each of them appears in at least one flagged 

encounter, and the lenient guard surfaced 79%. A review that groups the flagged encounters by native code would therefore see every 

faulty code among the codes involved, although it would see codes that are not faulty as well, and 20% of all encounters were flagged. 

Reviewing that many encounters one by one would be a large task, and the native codes are fewer than the encounters. How much a 

review by code would save depends on how well the faulty codes rank among the others, which the study did not measure. 

 

8. Discussion 
8.1. Claims and Evidence 

Table XIX lists the claims that the paper makes, with the basis of each. A few follow from the definitions and need no experi-

ment. Others were observed in the synthetic study; they hold under its parameters, and their magnitudes would differ elsewhere. The 

rest are hypotheses that only a deployment can test, and the paper does not claim them. 

 

Table 19. Claims of the Paper, the Basis of Each, and the Evidence 
Claim Basis Evidence 

A hub needs n adapters where pairwise translation 

needs n(n − 1) translators 

By construction Proposition 1 

The store can be rebuilt from the log, and corrected 
rules can be applied again 

By construction Proposition 2 

A lenient guard flags a subset of what a strict guard 
flags 

By construction Proposition 3; every scenario 
agrees 

Log-based capture misses no committed change and 

has the lowest latency 

Observed in the synthetic study 100% captured; median 0.5 s; 

needs log access 

Timestamp polling loses changes, mostly updates that 
leave the timestamp unchanged 

Observed in the synthetic study 2.0% missed; the loss follows 
the share of unchanged 
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timestamps 

A pre-normalized store answers aggregate queries 
faster than query-time translation 

Observed in an in-process 
benchmark 

3.2 to 5.0 times for Q1; no net-
work 

Query-time fan-out lowers availability and raises tail 
latency as sources are added 

Follows from the model; mag-
nitude from assumed parame-
ters 

Availability 94.2% at twelve 
sources 

A strict guard exposes more mapping faults than a 

lenient guard, and raises more false alarms when 
sources skip statuses 

Observed in the synthetic study Detection 41% against 6%; 

false alarms 9.9% against 0.5% 

The pattern reduces manual status checks and im-
proves coordination 

Hypothesis Not tested 

Sub-second dashboard response from commit to 
screen 

Design target Not measured 

Accuracy of the mapping on real events Not examined Needs labeled data 
 

The synthetic results are best read as an account of mechanisms. Timestamp polling loses changes because of how timestamps 

are written, and the share lost depends on how many updates leave the timestamp unchanged. Query-time translation is slower be-

cause it repeats the translation and waits for the slowest source, and the gap widens with the number of sources. A strict guard finds 

more faults than a lenient one and raises more false alarms when sources skip statuses, and the balance depends on how often they do. 

In each case the mechanism and the factor it depends on would carry over to a deployment, while the numbers would not. 

 

8.2. Appraisal against Six Criteria 

The design goals can be judged against modularity, interoperability, extensibility, consistency, traceability and security (Ta-

ble XX). The appraisal is analytic for the most part. The column on support says what in this paper bears on the judgment, and the 

column on risk says what remains open. 

 

Table 20. Appraisal of the Pattern against Six Criteria 
Criterion How the pattern addresses it Support in this paper Open risk 

Modularity Extractors, registry, engine, state ser-

vice, store and dashboard are separate 
components 

Layer structure; the registry 

is configuration and not 
code 

Coupling through the envelope; 

changes to it need coordination 

Interoperability Sources meet in the envelope and the 
canonical states, not in each other's 
schemas 

Proposition 1; projection 
onto FHIR Task status 

The meaning of the states 
needs organizational agree-
ment 

Extensibility A new source needs one adapter and 

one set of rules 

Proposition 1 Effort of mapping and testing 

grows with the size of a vocab-
ulary 

Consistency One canonical state per stream; illegal 
moves are flagged; rules for duplicate 
and late events 

Proposition 2; guard study Asynchrony leaves a lag; rules 
E1 to E6 are untested 

Traceability Native value, event and mapping ver-
sion stored with each state; registry 
changes audited 

Replay under a recorded 
version (Proposition 2) 

Retention limits can remove 
raw rows 

Security Role-based access, encryption, audit, 
least privilege 

List of controls Not tested; compliance depends 
on the deployment 
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8.3. Choosing an Extraction Technique 

The extraction results suggest a way to choose a technique for each source (Table XXI). The choice depends on facts about the 

source that can be tested before the choice is made. One test compares a week of changes found by a snapshot comparison with the 

changes found by the proposed watermark query, which exposes updates that leave the timestamp unchanged and late commits at low 

cost. Another asks the owner of the source which writers touch the status table, which exposes paths that would bypass an outbox. 

 

Table 21. Choosing an Extraction Technique for a Source 
Situation Suggested technique Reason 

Log access and vendor support are 
available 

Log-based capture No committed change is lost; lowest la-
tency; the source is unchanged 

The owner accepts a change in the 
source and log access is not available 

Outbox, read from the log of the out-
box table where possible 

Complete for writes that use the outbox; 
audit every writer first 

Read access only; every writer main-
tains the timestamp; few long trans-
actions 

Timestamp watermark with an over-
lap margin above the longest trans-
action 

Cheap in reads; depends on every writer 
updating the timestamp; deletions stay 
invisible 

Read access only; timestamps are un-
reliable; the table is small 

Snapshot comparison Sees unchanged timestamps and dele-
tions; read cost grows with the table 

Deletions must be seen Log-based capture or snapshot com-

parison 

A timestamp query cannot see a deleted 

row 

Latency must be below a poll interval Log-based capture Polling latency is about half the interval 
 

8.4. The Mapping Is the Weak Point 

A wrong mapping shows staff a state that is false, and the error is silent unless something checks for it. The pattern has four de-

fenses against this. The registry gives every rule an owner, a test and a version, so that errors have a place to be corrected. The store 

keeps the native code beside the canonical state, so a reader can see what the source said. The guard turns impossible progressions 

into flags. Grouping the flags by native code, as the code-level measure of Section VII suggests, directs attention to the rules that need 

review. These defenses reduce the risk without removing it, and the detection rates of Section VII show how partial the guard is: even 

the strict guard exposed fewer than half of the encounters affected by faults to a neighboring state. 

 

Over-standardization is a separate risk. Eight canonical states are coarser than the vocabularies of the sources. A difference that 

matters clinically, such as the reason for a hold, may be lost in the mapping to Exception. The native code and qualifiers stay in the 

store for that reason, and the dashboard can show them on drill-down. Choosing the canonical states is a design decision that the or-

ganization owns, and the eight states of this paper are a starting point. 

 

8.5. Alternatives 

A federated query layer, or data virtualization, translates at query time [9], [32]. It needs no store, no capture and no synchro-

nization, and its data are as current as the sources. The study quantifies what it costs in latency and availability, and a design with few 

sources, small tables and a tolerance for the sources' availability may reasonably accept that. A warehouse with batch loads is simpler 

still and answers analytical questions well, but its status view is as old as the last load. Such a warehouse can also be a consumer of the 

same event log, so the two are not exclusive. An interface engine with pairwise translation is familiar to integration teams, and its arti-

fact counts follow Proposition 1. A FHIR facade over each system gives standard access to the data [6], [27], and it can serve as an 

adapter for the pattern, but it does not remove the need to map local status values to a common vocabulary. 

 

8.6. Operational Considerations 

The mapping registry needs people with authority over the meaning of each source's statuses, and the separation of proposer 

and approver needs a procedure that the organization can staff. The dashboard is a coordination tool, and it must not be mistaken for a 

record of care or a source of clinical decisions. Its freshness display is part of its safety, since a view that looks current and is not can 

mislead. Retention of events and of the raw rows referenced by them is a policy decision with privacy consequences, and retention is 

also what makes replay possible. After a loss the store is rebuilt from the log, so it is reproduced rather than restored from a backup. 
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9. Limitations 
All data are synthetic, and the parameters are illustrative. The study shows how mechanisms behave under stated assumptions, 

and it does not estimate how a real hospital would fare. 

 

Part B models one status table per source. Real sources have several tables, deletions, triggers, bulk updates and clocks that 

drift, and none of these is modeled. The outage process is simple, and the lag of the extraction pipeline after an outage is not modeled 

beyond the wait for its end. 

 

Part C measures one database engine in one process, with a warm cache, no network and no concurrent writers. The fan-out 

model assumes independent sources with lognormal latencies. Real sources often share infrastructure and slow down together, which 

would change both the tail and the availability product. The model's output follows from its inputs, and what it shows is the rate at 

which the effect grows. 

 

Part D uses randomly generated vocabularies, one transition table and one table of walk probabilities. Faults occur only in the 

mapping, and skips are uniform. Statuses of one encounter come from several sources without clock skew or reordering. The false-

alarm rate of the strict guard depends on the assumed skip rate, and a real source may skip far more or far less. The study counts 

flagged encounters, and it does not model how people resolve them or how many flags a team can handle. 

 

The rules E1 to E6 for duplicate, late, missing and illegal events are specified but not evaluated. Identity resolution across sys-

tems is assumed. The design is read-only and does not treat corrections and retroactive changes to source data beyond what replay 

offers. The security controls are listed but not tested, and no compliance assessment was made. No user study was conducted, so the 

paper has no evidence about staff time, the number of status calls, coordination or patient outcomes. The code has not been reviewed 

independently, and no independent replication exists. 

 

10. Future Work 
An evaluation of the pattern in practice would proceed in stages. A shadow-mode study would replay recorded events from one 

or two sources in a staging environment, compare the captured changes with the source of truth, and measure end-to-end propagation 

delay and dashboard response against the sub-second target. A labeled sample of events, with canonical states assigned by the stew-

ards of each source, would give the accuracy of the mapping per source and per code. Transition tables could be derived from logs by 

process mining [43], [44] and the strict and lenient modes calibrated against observed skip rates. Rules E3 and E4 should be tested 

under injected reordering and clock skew across sources. Load tests with real networks and concurrent readers should replace the in-

process benchmark. A study with staff should measure the time needed to answer where a patient's process stands, the number of 

telephone calls and the use of the quarantine queue. A security review should test the controls of Table IX against a threat model of the 

store. 

 

11. CONCLUSION 

Departmental systems describe workflow status in their own words, and a coordinator who needs one answer must combine 

several. We specified a pattern that extracts committed changes, translates native statuses into eight canonical states with a versioned 

and auditable registry, checks every status stream against a transition table, and serves a dashboard from a read-only store, with no 

change to the sources. A formal model showed that a hub needs n adapters where pairwise translation needs n(n − 1) translators, that 

the store can be rebuilt by replay, and that a lenient guard flags a subset of what a strict guard flags. 

 

In a synthetic study with illustrative parameters, timestamp polling missed 2.0% of the changes against none for log-based cap-

ture, which also delivered the median change in 0.5 s against 30.0 s. A pre-normalized store answered aggregate queries 3.2 to 5.0 

times faster than query-time translation in an in-process benchmark, and in a fan-out model the availability of a twelve-source query 

fell to 94.2%. With two faulty codes mapped to neighboring states, the strict guard exposed 41% of the affected encounters and the 

lenient guard 6%. When sources skipped statuses, the strict guard raised false alarms on 9.9% of the encounters and the lenient guard 

on 0.5%. 
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The study shows how the mechanisms behave and what they depend on. It does not show that the pattern reduces manual sta-

tus checks or improves coordination, nor does it measure the sub-second response that the design aims at. These are questions for a 

staged evaluation on real systems. 
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