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Abstract. Petri nets are a well-established formalism for modeling concurrent and distributed systems, yet
existing Petri net editors are predominantly desktop applications without collaborative editing capabilities. This
paper presents Goldfish, a cloud-based web platform for real-time collaborative editing, simulation, and
analysis of Petri net models. The core contribution is the adaptation of Operational Transformation (OT)
techniques to graph-based Petri net structures: we define a domain-specific operation model comprising 9
primitive operation types, formulate transformation rules that preserve bipartite graph invariants and handle
cascading structural dependencies, and combine OT with selective element locking for semantically critical
operations. The resulting hybrid synchronization mechanism is estimated to resolve the majority of editing
conflicts transparently via OT in typical usage scenarios — where concurrent operations target disjoint model
elements — invoking locking only for operations with cascading effects such as element deletion. Complexity
analysis confirms that all per-operation synchronization costs are independent of model size. The platform
integrates standard Petri net analysis capabilities — reachability graph construction, boundedness verification,
and interactive simulation — within the collaborative environment via an asynchronous execution model that
avoids blocking concurrent editing sessions. Complexity analysis of the proposed algorithms shows that all per-
operation synchronization costs are constant or linear in small parameters (log gap, pending queue size, node
degree); these bounds hold independently of model size, supporting scalability with respect to the number of
concurrent editors.
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Hayuonanvnulii uccreoosamenvckuii ynusepcumem « Bolcwasi wikona skonomuxuy (HUY BLLID),
Poccus, 109028, 2. Mockea, I[lokposckuii 6ya., 0. 11.

Annoranus. Ceru Iletpu — GopManusM I MOJEITUPOBAHUS MAPAJLICIBHBIX U PACIPEEIEHHBIX CHCTEM.
CymecTBylonue peJakTopsl ceteii [leTpy — mpenMyIecTBeHHO NPUIIOKEHHS I HACTOIBHBIX KOMIIBIOTEPOB
6e3 MOJIEPKKH COBMECTHOTO PeIaKTHPOBaHMs. B maHHOH cTaThe MpeicTaBieH pefakTop «30770Tas PHIOKa»
(Goldfish) — Be6-maTdopMa 1151 COBMECTHOIO peJaKTUPOBAHNUS, MOJCIUPOBAHUS U aHAIH3a cereil Iletpu B
peanbHOM BpeMeHH. KitoueBoif pe3ynbTaT pabOTHI — afanTaus METOJOB ONEPalliOHHBIX Ipeobpa3oBaHuUi
(OIl) s wucmonb3oBaHus ¢ rpadoBbIMH  cTpyKTypamu cereil Iletpu. OmnpeneneHa mnpeaMeTHO-
OpPMEHTUPOBAHHAs MOJIEIIb ONEpPaLUii, BKIIIOYAKOIas 9 TUIOB NMPUMUTUBHBIX onepauunid. ChopmyaupoBaHb
mpaBuiIa INpeoOpa3oBaHMil, KOTOPBHIE COXPAHSIOT HHBAPUAHTBHI IBYHONBHOro rpada u oOpabarbiBaroT
KacKaJHble CTPYKTypHbIe 3aBUCHMOCTH. OIl KOMOMHHPYIOTCS ¢ BBIOOPOUHON OIOKMPOBKOH I€MEHTOB IS
CEeMaHTHYECKH KPUTHYECKHX ornepauuid. PaspaboTaHHblii rTHOPUIAHBII MEXaHU3M CHHXPOHH3ALMU CIIOCOOEH
pa3pelnTs OOJBIIMHCTBO KOH(IMKTOB pemakTHpoBaHus ¢ mnomoupio OIl B THIIMYHBIX CLIEHAPHSIX
HCIIOJNIb30BAHYS, KOT/Ia TIapajlIelibHbIe Olepalliy HAIPABIICHbI HA HellepeceKaromecs aIeMeHTsl Mogen. K
OI0KHpPOBKaM TpeOyeTcs MpHOeraTh TOIBKO A ONepalrii ¢ KackagHbIMU d(hdekTaMu (HanpuMep, yaaneHue
anemenra). [lnarpopma Goldfish uHTErpUpyer Takxke craHaapTHbIE BO3MOKHOCTH aHanu3a cereil Iletpu —
IMOCTPOCHUE rpa(ba JOCTHXXHUMOCTH, MPOBEPKY OIPaHUYCHHOCTU MU HHTEPAKTHBHOC MOACIMPOBAHUE — B
COBMECTHYIO Cpefly Yepe3 aCHHXPOHHYIO MOZIEIb BEITIOIHEHHS, KOTOpasi He OIOKUPYeT MapajlIe/IbHbIe CeaHChI
pENaKTHPOBaHUA. AHAIN3 CIOKHOCTU MPEIIOKEHHBIX aITOPHTMOB IOKA3BIBAET, YTO BCE 3aTPaThl Ha
CHUHXPOHU3ALUI0 HA OJHY OINCPALUIO SABJIAIOTCA KOHCTAHTHBIMU WU J'Il/lHeﬁHblMPl 110 OTHOLICHHUIO K MaJIbIM
mapaMeTpaM HE3aBHCHMO OT pa3Mepa MOZENIH, 4To o0ecreduBaeT MAacIITabHpyeMOCTh IO YHCIY
OJHOBPEMEHHO PabOTAIONIHX PEIAaKTOPOB.

KaroueBbie cioBa: cetu Ilerpu; cOBMECTHOE PENAKTHPOBAHME, CUHXPOHU3ALMS B PEaJbHOM BPEMEHU;
OIlepalliOHHbIe IPEe0OPa30BaHMUs; pa3pelieHne KOH(IUKTOB; BeO-MOIEINPOBAHNe; BU3yalH3alus Mojenei
MPOIIECCOB.

T nuTupoBanus: Kabakos B.A., Mumok A.A. Goldfish: BeO-penakrop cereii Ilerpu mns coBMecTHOM
paboThl ¢ CHHXpOHHU3alUell B pexxuMe peanbHoro Bpemenu. Tpyast MCIT PAH, tom 38, BbII. 6, 9acTh 2,
2026 1., ctp. 117-132 (Ha anrmmiickoM s3eike). DOIL: 10.15514/ISPRAS-2026-38(6)-28.

Baaropapuoctu. MccnenoBanue ocyiiectBieHo B paMkax [Iporpammel (yHIaMEHTaIbHBIX HUCCIIEA0BAHUIL
HUY BUID (HSE-BR-2025-024).

1. Introduction

Petri nets are one of the most widely used formalisms for modeling concurrent and distributed
systems. Their graphical representation combined with rigorous mathematical semantics makes
them valuable across diverse domains including workflow management, manufacturing systems,
communication protocols, and biological processes [1-2].

Despite the maturity of the formalism, its tool support has not kept pace with the shift toward cloud-
based collaborative work. A survey of existing Petri net tools — including CPN Tools [3-4], PIPE
[5], Carassius [6-7], TAPAAL [8], CPN IDE [9] and web-based editors such as PetriPad [10] and
the PES editor [11] — reveals the following limitations:

e Platform dependency. Most editors are desktop applications for specific operating
systems (e.g., Carassius [6] and CPN IDE [9] support only Windows), creating barriers for
cross-platform use;

e No real-time collaboration. None of the surveyed tools support synchronous multi-user
editing — a feature standard in modern tools such as Google Docs [12] and Figma [13];
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e Limited web accessibility. Existing web-based Petri net editors [10-11] provide only basic
editing without analysis, simulation, collaboration, or versioning;
e No integrated versioning. Users must rely on external version control systems not
designed for graphical model artifacts.
While general-purpose collaborative editing techniques — Operational Transformation (OT) [14-15]
and Conflict-free Replicated Data Types (CRDTs) [16] — are well-studied for text and generic
graphical structures, applying them to Petri net models introduces domain-specific challenges. Petri
nets are bipartite graphs with structural invariants: arcs may only connect places to transitions or
vice versa, deleting a node must cascade to incident arcs, and concurrent modifications must not
violate these constraints. Standard OT transformation rules for text insertion/deletion or generic
shape manipulation do not address these concerns.
This paper presents Goldfish, a collaborative web-based Petri net editor that addresses these
challenges. The contributions are:

1) A domain-specific operation model for Petri net editing, comprising 9 primitive operation
types organized by structural element (places, transitions, arcs), and transformation rules
that preserve bipartite graph invariants and handle cascading structural dependencies
(Section 5);

2) A hybrid conflict resolution mechanism combining OT for the majority of operations
with selective element locking for semantically critical operations (e.g., deletion with
cascading effects), achieving transparent conflict resolution via OT for the estimated
majority of operations in typical editing sessions, where users work on structurally disjoint
parts of the model (Sections 5, 7);

3) An asynchronous analysis integration model that embeds standard Petri net analysis
(reachability, boundedness, simulation) within the collaborative environment without
blocking concurrent editing sessions (Section 6);

4) A complexity analysis of all proposed algorithms, showing O(1) per pairwise operation

transformation, O(AV) server-side log catch-up, and O(deg(e)) lock scope

computation, confirming that synchronization costs scale with concurrency parameters
rather than model size (Section 7).

2. Background

This section provides the definitions and motivates the choice of synchronization approach.

2.1 Petri Nets

APetrinetisatuple N =(P,T,F,W, M), where P isa finite set of places, T is a finite set of
transitions. (PNT =), F c (PXT)U(TxP) is the flow relation, W : F — N* is the
weight function, and M, : P — N is the initial marking [1].

A transition ¢ is enabled at marking M if Vpe t:M(p)=W(p,t). Firing t yields
M'(p) = M(p) - W(p, t) + W(t, p) forall pe P.

Two properties are relevant to the analysis capabilities of Goldfish. A marking M is reachable
from M, if there exists a firing sequence transforming M, into M . A place p is k — bounded
if M(p) <k for all reachable markings; a net is bounded if all places are bounded.

Computing the full set of reachable markings is EXPSPACE-hard in general [17], motivating the
bounded exploration approach in our implementation.
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2.2 Collaborative Editing: OT vs. CRDTs

Operational Transformation [14-15] resolves concurrent edits by transforming operations so that
applying them in any order yields the same final state. OT requires a central server for operation
ordering but allows domain-specific transformation rules.

CRDTs [16] are data structures where concurrent operations converge automatically without
transformation. CRDTs are well-suited for generic data types but encoding domain-specific
structural invariants (e.g., bipartite graph constraints) into CRDT merge semantics is non-trivial
[18].

We chose OT as the primary mechanism because it allows us to define domain-specific
transformation rules that explicitly handle Petri net structural constraints (bipartiteness, cascading
arc deletion). This is supplemented with selective locking for operations where OT-based resolution
would produce unintuitive results. The rationale for this hybrid approach is detailed in Section 5-D.

3. Related Work

3.1 Petri Net Tools

Table 1 compares representative Petri net tools along dimensions relevant to collaborative modeling.
CPN Tools [4] provides the most comprehensive analysis for Colored Petri Nets but requires local
installation and has no collaboration support. PIPE [5] is cross-platform via JVM but single-user.
Carassius [7], developed at HSE University, offers extensive analysis for business process modeling
but is Windows-only. TAPAAL [8] specializes in timed-arc Petri nets. PetriPad [10] explored web-
based editing but was never publicly released and lacks analysis or collaboration features. The PES
editor [11] provides basic web-based editing without collaboration.

No existing tool combines real-time multi-user editing, integrated analysis, version history, and web
accessibility.

Table 1. Comparison of Petri Net Editing Tools.

Tool Platforms Web 111\;[::5 t?peets Analysis Versioning PNML
,E(EIIS 2 No 1 3 5+ No Yes
CPN IDE 1 No 1 1 5+ No Yes
PIPE 3+ No 1 4 4 No Yes
Carassius 1 No 1 2 5+ No Yes
TAPAAL 3+ No 1 2 3 No Yes
Elzil;:tsor Any Yes 1 1 1 No No
PetriPad Any Yes 1 1 0 No No
Goldfish Any Yes 50+ 2% 4 Yes Yes

* Classical P/T nets; TVAW-Nets [20] support planned.

3.2 Collaborative Editing Platforms

Google Docs [12] uses OT for text; Figma [13] uses a CRDT-inspired approach for vector graphics;
Yjs [20] provides a CRDT framework for generic collaborative applications. None of these address
the structural invariants of graph-based mathematical models. In particular, the bipartite constraint,
arc endpoint validity, and cascading deletion semantics of Petri nets require domain-specific
transformation rules beyond what generic OT/CRDT frameworks provide.
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4. System Architecture

4.1 Overview

Goldfish uses a modular monolithic architecture with event-driven components for real-time
functionality. The system is organized into six bounded contexts following Domain-Driven Design
[21]: (1) User Management (OAuth 2.0, profiles, sessions), (2) Team Management (teams, roles,
RBAC), (3) Project Management (lifecycle, metadata), (4) Petri Net Editor (element manipulation,
validation), (5) Real-time Synchronization (WebSocket communication, OT, locking), and (6)
Analysis and Simulation (property verification, simulation). Fig. 1 shows the high-level architecture.

Clients

‘ Client 2 D ‘ Client N D ‘ Client 1 U

APl Gateway

/ Syﬁces

Analysis Simulation
Service Service

Auth
Service

Editor
Service

Sync Service
(WebSocket)

Fig. 1. High-level architecture of Goldfish.

4.2 Data Model and Technology Stack

The Petri net model is stored using a hybrid approach: relational columns for project metadata and
JSONB columns for the graph structure, enabling flexible schema evolution and atomic updates.
Fig. 2 shows the core domain entities.

The technology stack comprises: Vue.js 3 with TypeScript and Konva.js for canvas rendering
(frontend); Kotlin with Ktor, JOOQ, and Kotlinx.coroutines (backend); PostgreSQL with JSONB
and Redis (persistence); WebSocket for real-time and REST for CRUD (communication); Docker
and Nginx (infrastructure).

4.3 Scalability

Horizontal scaling is achieved through: (1) stateless API servers with session state in Redis, (2)
WebSocket session affinity via consistent hashing on project ID (ensuring collaborators on the same
model connect to the same server), (3) PostgreSQL read replicas for read-heavy queries, and (4)
Redis Cluster for distributed caching.
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Fig. 2. Core domain model.

5. Adapting OT for Petri Net Structures

This section presents an adaptation of Operational Transformation to the domain of Petri net editing.
We define a domain-specific operation model, formulate transformation rules that account for
structural invariants of Petri nets, and describe the hybrid OT/locking mechanism.

5.1 Domain-Specific Operation Model

In contrast to text-based OT where operations reduce to insert/delete/retain, Petri net editing requires
operations that reflect the graph-based structure. We define an operation as a tuple

o =(id,uid , T, v,type, params) where id is a UUID, uid identifies the user, 7 is a server-
assigned logical timestamp, v is the base model version, and #ype € T with associated params .

The key design decision is the partitioning of the operation type set into three groups mirroring Petri
net structure:

T=7T,V7T,UT,

Table 2 lists all 9 primitive operations. This decomposition enables conflict detection based on
element type: operations in TA have structural dependencies on elements targeted by TP and Tr
(because arcs reference places and transitions as endpoints), which standard text or shape OT does
not model.

We define the farget set tgt(o) as the set of element IDs affected by operation o . For most
operations, this is simply {0.id}. For CreateArc, fgt(0) = {o.id,0.src,0.dst} capturing the
structural dependency on endpoint nodes. Fig. 3 illustrates the operation model taxonomy.
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Table 2. Primitive Operation Types for Petri Net Editing.
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Group Type Parameters
CreatePlace id:(-x> y): label, mo
7, (Places) MovePlace id,(x",y")
DeletePlace id
CreateTrans id,(x,y),label
T, (Trans.) MoveTrans id,(x",y")
DeleteTrans id
CreateArc id,src,dst,w
T, (Arcs) UpdateArc id,w
DeleteArc id
Opseration o = fid, uid, T, v, type, param) - . M
— g
Opnlthm'.r}h-; T Ill
TP (Places) '-":: T_T (Transitiona)
II:IM oPlace :':Iulrhm.v. 'll.’ L/
T_A [Arcs) /-“)
Ermatmire Uptlatmire Il-/l

Fig. 3. Operation model: 9 primitive types partitioned by Petri net element.

5.2 Transformation Rules for Petri Net Operations

The transformation function 7 (o,, 02) adjusts operation 0, given that 0, has already been applied.

We denote by 0, the null operation (no effect). The transformation rules are organized into three

categories reflecting increasing conflict severity.

1. Non-Conflicting Operations (Disjoint Targets).

If two operations affect entirely different elements, no transformation is needed:

T(0,,0,)=0, if i1gi(o)Nigi(o,)=L

This covers the common case of users working on different parts of the model and accounts

for the majority of concurrent operations in practice.

2. Delete-Dependent Conflicts (Petri Net Specific).
This category is specific to graph-based structures and has no direct analogue in text OT.
Two subcases arise:

Direct conflict. If 0, deletes element ¢ and 0, also targets e (e.g., move or property
change), then 0, becomes meaningless:

T(0,,0,)=0, if o,.typec {Delete*} Ao, .id =o,.id
Structural dependency (cascading). This is the rule that distinguishes Petri net OT from
generic graph OT. If a user creates an arc to a node that another user concurrently deletes,
the arc creation must be nullified because its endpoint no longer exists:

T(o,,0,)=0, if o, type= Createdrc Ao,ide {o,src,o,.dst}
Conversely, when a delete operation is applied, all arcs incident to the deleted node are
removed as a cascading side effect. This preserves the well-formedness invariant that every
arc references two existing, type-compatible endpoints (place <> transition).

Formally, the cascading semantics are defined as follows. Let Delete * (¢) denote the

deletion of element e€ PUT . The server expands this operation into an ordered
sequence:

Delete*(e) > [ DeleteArc(a) | ac F,ee {src(a), dst(a)}] || Delete* (e)

where “”” denotes sequencing. All implicit Delete Arc operations are appended to the

operation log, assigned consecutive version numbers, and broadcast to clients. This ensures
that (i) every client’s log contains explicit records of all arc removals, and (ii) subsequent
transformations of concurrent operations against the log encounter these deletions
individually.

3. Autribute Conflicts (Same Element, Same Property).

When two users concurrently modify the same property of the same element (e.g., both
move the same place), deterministic resolution is required. We use server-order
precedence: the operation that reaches the server first wins:

T(0,,0,)=0, if o,id =o0,.id A attr(o,) = attr(0,)

where the operation with the earlier server timestamp takes effect. The client whose
operation was nullified receives a notification and sees the updated state, allowing re-
editing if desired. Fig. 4 shows the conflict classification and resolution logic.
*
Y
Concurrent ops 01, 0z

g =

tgtion) n tgtiou) = O —3=_ o: = Delete*? and 0. depends on deleted element? —3= same element and same attribute?

v v I~ l

no

Tios00) = o Tiosts) = L server-order wins different attrs
(arc--deleted) loser = L+notify Tie10:) = o
© ® ® ®

Fig. 4. Transformation rule selection: concurrent operations are classified by target overlap and conflict
type, then resolved accordingly.
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4. Convergence Argument.
The standard convergence condition for OT (TP1 [15]) requires that for any concurrent
operations 0, , 0,:
0,°T(0,,0,)=0,°T(0,,0,)

where “=” denotes state equivalence. We argue informally that the proposed

transformation rules satisfy TP1 by case analysis on the conflict categories:

 Disjoint targets: 7(0,,0,) =0, and T(0,,0,) = 0, , so both application orders yield
the same state (operations are independent).

o Delete-dependent: If 0, deletes an element that 0, depends on, then 7'(0,,0,) =0,
. Symmetrically, T’ (02 , 01) = 0, (the deletion proceeds regardless). In both orders, the

element is deleted and 0, has no effect, yielding the same final state.

e Attribute conflict: Both 7'(0,,0,) and T'(0,,0,) resolve to server-order precedence:

the operation with the earlier timestamp takes effect, the other is nullified. Regardless
of application order, the same single operation determines the final attribute value.

The selective locking mechanism (Section 5-D) further strengthens this guarantee by serializing
operations that involve cascading side effects, preventing the concurrent generation of conflicting
cascades.

5.3 Client—Server Protocol

The synchronization follows an event-sourcing pattern. The server maintains an authoritative, totally
ordered operation log; clients maintain local state for immediate feedback.

Client state: (i) last acknowledged version V,, (ii) pending queue QO of locally applied but

unacknowledged operations, (iii) visual model state. The client sends at most one operation at a
time, queuing subsequent ones until acknowledgment.

Server state: (i) authoritative model state, (ii) ordered log L =[0,,...,0,] with version numbers,

(iii) active sessions.
Protocol steps:

1) Client applies operation 0 locally (optimistic update) and appends to Q.

2) Client sends o with base version Vv, to server.

3) Server transforms o against all log entries since v,: 0" =T'(. .IT(T(0,0,,,),0, 5)-..)
4) Server assigns next version to 0", appends to log, broadcasts to all clients.

5) Originating client removes o from Q, updates v, .

6) Other clients transform o’ against their pending queues and apply.

Fig. 5 shows a concrete protocol sequence.

Optimizations. (1) Operation grouping: drag interactions produce many intermediate move events;
the client sends only the final position upon mouse release (or after N ms of inactivity). (2) Batch
submission: accumulated pending operations are sent as a batch upon acknowledgment.
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OT Protocel for Petri Net Operations

Client A Server Client B
initial state: version 0

Madel contadns place P1 at {1,1) with 1 token

MovePlacelP1, (2.2))

| Apply locally (optimistic)

(5end MovePaca(Fl, (2,2), basevar=0)

UpdateTokens(P1, tokens=5}

Apply lacally (optimistic)
o« Sond UpdateTakens(P1, 5. baseler=0)

[server opl ( ) }

Receive MovePlace first

™

| baseViers{ matches current —+ no transform needed
e

| Apply, assign version=1_ append Lo lag

e

ACK{version=1}

i 2L
|Brosccast MovsPlace(Pl, (2.2), vers1)

I
{ Server p op2 (Up }

Recelve UpdateTokens

|| basaVer=0 < cument vars1

| Transform against lagl1]

| MoveRlace ve UpdateTokens =
| disjoint attributes -+

| ma canflict, Gp2 unchanged

| Aoply, assign varsion=2

varsloned) .

< Broadeast UpdateTokens(PL, 5. vers2) | |

Receive UpdateTakensivers2)

5

No pending ops — apply directly

T

Update lastversions?

i

1

Plati2.2), 5 tokens
Rocelve MovePlace(vers1)

Transform against pending UpdateTakens
]

Disjoint attributes —
both ops preserved

Apply MovePlace, update lastVersion=2
-—
P1at(2.2), 5 tokens |

Converged: both see P1 at (2,2) with 5 tokens

Client A Server Client B

Fig. 5. Synchronization protocol: operation flow between two concurrent clients and the server.

The convergence and causality preservation properties of this protocol follow from the standard OT
guarantees [14-15]: the server imposes a total order via version numbers, all clients apply the same
deterministic transformation function against the same sequence, and the base-version mechanism
ensures causal ordering.

5.4 Selective Locking for Critical Operations

While OT handles most conflicts transparently, certain Petri-net-specific operations benefit from
pessimistic concurrency control. The key observation is that deletion of a node has cascading effects
(removing incident arcs) that are difficult to communicate clearly to other users when resolved
purely via OT. Consider: User A creates an arc from place p to transition #, while User B
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simultaneously deletes p . OT would correctly nullify the arc creation, but User A would see their
newly created arc silently disappear — a confusing experience. We therefore classify operations as
critical or non-critical:
e Critical: element deletion (cascading arc removal), structural topology changes. These
require a lock before execution.

e Non-critical: moves, label edits, token count changes, arc weight updates. These are
handled via OT without locking.

The locking protocol (Algorithm 1) acquires a lock on the target element and all incident arcs before
a critical operation, preventing concurrent modifications to structurally dependent elements.

Algorithm 1 Critical Operation with Selective Locking

Require: Critical operation o, target element ¢, user u
I: scope < {e} U INCIDENTARCS(¢)
2 resull + REQUESTLOCK(scope, u)
3: if resull = GRANTED then
4 ArPLYLOCALLY (0)
5:  SENDTOSERVER(0)
6 AWAITACK()
7 REI,EASELUCK(.«'{;{N ,u)
8: clse
9. NOTIFYUSER(“Element locked by "||resull.owner)
10: end if

Locks are released upon: (i) explicit release after acknowledgment, (ii) inactivity timeout (default
30 s), or (iii) Web-Socket disconnection. Lock state is broadcast to all clients, which display visual
indicators (colored borders, lock icons) on locked elements.

This hybrid approach ensures that non-critical operations (the vast majority during typical editing)
proceed without any locking overhead, while critical operations that could cause cascading
confusion are serialized

6. Analysis and Simulation in a Collaborative Context

Goldfish integrates standard Petri net analysis capabilities — reachability graph construction,
boundedness verification, and interactive simulation — as described in [1]. The contribution here is
not the analysis algorithms themselves (which are well-known) but rather iow they are embedded
within a collaborative editing environment, addressing two challenges: (1) analysis must not block
other users’ editing sessions, and (2) simulation state must be isolated from the shared model.

6.1 Asynchronous Analysis Execution

Reachability analysis and boundedness verification may require significant computation
(EXPSPACE-hard in general [17]). To prevent blocking, analysis runs asynchronously:

1) A user submits an analysis request via REST API.
2) The server snapshots the current model state and creates an analysis task.

3) A worker coroutine processes the task on the snapshot, pushing progress updates via
WebSocket (e.g., “explored 5,000 / 100,000 states”).
4) Results are cached and delivered upon completion.
The analysis operates on a snapshot, not the live model. If the model changes during analysis, the
results remain valid for the snapshot version, and the user is informed of the version mismatch.
Resource limits prevent abuse: maximum 3 concurrent analyses per user, 5-minute timeout, state
space limit of 100,000 markings.

127

Kabakov V.A., Mitsyuk A.A. Goldfish: A Collaborative Web-Based Petri Net Editor with Real-Time Synchronization. Trudy ISP RAN/Proc.
ISP RAS, vol. 38, issue 6, part 2, 2026. pp. 117-132.

6.2 Simulation State Isolation

Interactive simulation (step-by-step or automatic firing of enabled transitions) modifies the marking
of the Petri net. In a collaborative environment, one user’s simulation must not alter the shared model
state visible to others. Goldfish achieves this by maintaining simulation state in a session-local copy
of the marking. The user sees token animation and marking changes locally; other users see the
original model state. When the simulation ends, the session-local state is discarded.

6.3 Structural Validation During Editing

The system performs incremental validation during editing, checking three invariants in real time:
(1) bipartiteness (arcs connect places to transitions or vice versa), (2) endpoint validity (all arc
endpoints exist), and (3) weight positivity (w > 0). Violations trigger immediate visual feedback.
This validation is lightweight and runs synchronously as part of operation application, unlike the
heavyweight analysis operations above.

7. Complexity Analysis

This section provides asymptotic complexity bounds for the algorithms introduced in this paper: the
domain-specific operation transformation (Section 5-B), the client—server synchronization protocol
(Section 5-C), and the selective locking mechanism (Section 5-D).

7.1 Pairwise Operation Transformation

The transformation function T’ (01,02) proceeds in two steps: (1) conflict detection via target set
intersection, and (2) resolution by rule selection.

Since | #gt(0) |£ 3 for all operation types (the maximum is attained by CreateArc, whose target
set includes the arc and both endpoints), the intersection £gt(0,) Ngt(0,) is computed in O(1)

time. Rule selection (Section 5-B) involves a constant number of comparisons on operation type and
target identifiers. Therefore:

T(0,,0,)€ O(1) time and O(1) space

7.2 Server-Side Log Catch-Up
When the server receives an operation 0 with base version v, and the current log version is v_, it

applies Av =v_—V_sequential transformations (Section 5-C, step 3):
’
o =T(..T(T(0,0,,),0,.,)...,0,)

Each transformation is O(1), yielding O(Av) total time per incoming operation. The operation
log requires O(| L|) space, where | L | is the log length. Log compaction via periodic model
snapshots bounds this to O(W') for a configurable retention window W .

7.3 Client-Side Remote Operation Application

Upon receiving a remote operation 0, a client transforms it against its pending queue O (Section
5-C, step 6). This requires | Q | pairwise transformations, giving O(| Q |) time. Under the single-
outstanding-operation policy, | Q |<1 in steady state, yielding amortized O(1) .
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7.4 Broadcast

After committing an operation, the server sends it to all £ clients in the session, requiring O(k)
message transmissions per operation.

7.5 Selective Locking

Lock scope computation for a critical operation on element e (Algorithm 1, line 1) requires
enumerating all arcs incident to e. Let deg(e) denote the number of incident arcs. Using a hash-
map-based adjacency index, this is O(deg(e)). Lock acquisition and release each involve
O(deg(e)) hash map operations (one per element in the scope). The aggregate space for the lock
registry is O(| P |+| T |+| F'|).

7.6 Cascading Deletion

When a DeletePlace or DeleteTrans operation is committed, all incident arcs must be
identified and removed (Section 5-B). Using the same adjacency index, this requires O(deg(e))
time and generates O(deg(e)) implicit DeleteArc operations that are appended to the log and
broadcast. The total cost of a cascading deletion is therefore O(deg(e)- k) including broadcast.

7.7 Incremental Structural Validation

Per-operation validation (bipartiteness, endpoint existence, weight positivity; Section 6) involves a
constant number of hash map lookups in the element index, yielding O(1) time per operation.

Maintaining the element index requires O(| P |+ | T |+| F'|) space.

7.8 Summary

Table 3 summarizes the asymptotic bounds for the algorithms introduced in this paper. All per-
operation costs are constant or linear in small quantities (Av,|Q |,deg(e)) confirming that the

synchronization mechanism scales with the number of concurrent editors rather than with model
size.

8. Discussion

OT vs. CRDT. We chose OT over CRDTs because OT allows explicit domain-specific
transformation rules. Encoding cascading arc deletion semantics into a CRDT merge function is
non-trivial: the “delete wins” vs. “add wins” conflict inherent in set CRDTs does not cleanly map to
the Petri net case where deleting a node must also remove arcs. Investigating CRDT-based
approaches for non-critical operations (moves, label edits) is a direction for future work.

Locking granularity. The current approach locks individual elements and their incident arcs.
Coarser granularity (locking a connected component or canvas region) would reduce lock requests
but increase contention. Finer granularity (per-attribute locking) would increase parallelism but add
protocol complexity. The element-level granularity was chosen as a practical middle ground.

Limitations. The bounds presented are worst-case asymptotic estimates. Practical performance
depends on network latency, contention patterns, and model size. The analysis assumes a single-
server deployment; in a multi-server setting, cross-node coordination for locking and log replication
may introduce additional overhead not captured by the per-operation bounds.
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Table 3. Asymptotic Complexity of the Proposed Algorithms.

Algorithm Time Space
Pairwise transform o(Q) o)
Server log catch-up O(Av) O( L))
Client-side transform o(Q) o(Q)
Broadcast O(k) o)
Lock scope computation O(deg(e)) O(P|+|T|+|F])
Cascading deletion O(deg(e)- k) O(deg(e))
Incremental validation o(Q) O(P|+|T|+|F)

9. Conclusion and Future Work

We presented Goldfish, a collaborative web-based Petri net editor whose core contribution is the
adaptation of Operational Transformation to graph-based Petri net structures. The domain-specific
operation model and transformation rules preserve bipartite graph invariants and handle cascading
structural dependencies that generic OT/CRDT frameworks do not address. The hybrid OT/locking
mechanism resolves the majority of conflicts transparently while providing exclusive access for
semantically critical operations.

Future work includes: (1) support for TVAW-Nets [20] with parametric (variable) arc weights;
(2) CRDT-based synchronization for non-critical operations; (3) offline editing with reconnection
merge; (4) integration with external model checking tools; and (5) user studies evaluating
collaborative modeling effectiveness.
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