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Projected workflow languages describe a distributed protocol once and compile it to one local pro-
gram per participant. Many agent workflows are not purely sequential: independent streams of tasks
may proceed at the same time while sharing some participants, such as a user or a calendar service.
The ZIPPERGEN workflow language gives deadlock-freedom guarantees for sequential coordination,
in particular for LLM-agent workflows, but its core language has no parallel construct that supports
shared agent lifelines. We add such a construct: a structured parallel-region operator whose branches
are full workflows and may share lifelines. Projection assigns separate branch-local channel names
to messages in different branches, although no channel annotations are written in the source pro-
gram. A shared lifeline is projected to one local program with a local interleaving operator over
the corresponding branch projections. The semantics of a parallel region keeps exactly the globally
consistent shuffles of branch executions, in which messages are matched and causal order has no cy-
cles. We prove that projection preserves the workflow semantics and yields deadlock-free distributed
programs.

1 Introduction

Sequential composition in a projected workflow orders the actions of each participant that appears in
both components. This order is often useful, but it is not always part of the intended protocol. For
example, a command center may handle email and chat in parallel while both streams use the same user
or calendar service. Forcing all email steps to precede all chat steps, or conversely, adds an unnecessary
order. Removing that order still leaves constraints: each receive must have a matching send, and the local
orders imposed by shared participants must not form a cycle.

ZIPPERGEN was introduced as a basic projected workflow language for multi-agent coordination [3].
A programmer describes a protocol once, as a global workflow, and projection compiles it to one local
program per agent lifeline. The semantics is based on message sequence charts (MSCs) [15], where
events are linearly ordered on each lifeline, and messages connect send events to their matching receive
events. This gives a formal basis for visualization, model checking, and runtime verification.

The core language of ZIPPERGEN contains messages, local actions such as tool or function calls,
conditionals, loops, and sequential composition. This is enough for many protocols, but it cannot directly
express two subprograms that should be unordered while sharing lifelines. Encoding them by sequential
composition imposes an order on the shared lifelines that is not part of the protocol.

This paper adds a structured parallel-region operator to ZIPPERGEN. A parallel region consists
of several full workflow branches. Branches may contain messages, local actions, conditionals, loops,
and nested parallel regions. They may also share lifelines. Projection assigns separate branch-local
channel names to messages in different branches, although no channel annotations are written in the
source program. It also maps a lifeline that occurs in several branches to one local program with a local
interleaving operator over the corresponding branch projections.

The point of the construct is not only to run disjoint workflows side by side, but workflows where
branches overlap on some lifelines. Such a lifeline must preserve its own local order, but it should not
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force a global order between the branches. Branch-local channel names separate the FIFO queues used
by different branches, while the local interleaving operator records that the shared lifeline may execute
branch code in an interleaved order.

The main technical difficulty is to make this form of parallelism compatible with endpoint projection
and deadlock-freedom. If two branches share lifelines without restriction, some shuffles may create a
causal cycle, and such a cycle can become a circular wait after projection. The semantics therefore admits
only those parallel shuffles in which the induced causal order is acyclic. It is still nonempty whenever the
branch execution sets are nonempty, because executing the branches one after another gives a globally
consistent shuffle.

In summary, our contribution is a conservative extension of ZIPPERGEN with source-level parallel
regions and shared lifelines. We define the extended projection, the corresponding local interleaving
semantics, and the filtered MSC semantics of parallel regions. We prove that projection preserves the
workflow semantics and yields deadlock-free distributed programs. The parallel operator is implemented
in the open-source ZIPPERGEN prototype, available at https://zippergen.io.

Related work. This work builds on MSCs and High-level MSCs (HMSCs) [1, 2, 10, 15]. In the MSC
standard, co-regions already relax the order of events on a single lifeline. The parallel regions studied
here extend this idea to full workflow branches that may overlap on several lifelines. Parallel and compo-
sition operators for MSC-like objects have been studied in several forms. The paper [18] gives a pomset
semantics for the MSC’96 parallel operator. Products of MSC languages have been studied in [7], where
events are shuffled processwise and shared local events serve as synchronization points. Scenario merg-
ing combines partial scenarios by identifying common events [12, 19]. Moreover, causal MSCs relax
lifeline order by using causal independence [9]. In contrast, our parallel operator is part of the source
language of a projected workflow: shared lifelines are projected to local interleavings, and branch-local
channel names keep messages from different branches separate.

Multiparty session types also start from global descriptions and derive local endpoint behaviours
[8, 14]. More general projection mechanisms and compositional protocol specifications have been stud-
ied in [11, 21]. The paper [5] defines global types as trace languages with sequential, alternative, and
unconstrained composition. The latter is interpreted by shuffle, as in our parallel regions. Moreover, con-
trolling dependency cycles is a standard way to deadlock-freedom in message-passing and session-type
systems [6, 16, 17, 20].

Choreographic programming treats global descriptions as executable programs rather than only as
protocol specifications. Endpoint projection is then used to derive the local code [4, 13, 22, 24]. Asyn-
chronous choreographic models already allow independent communications to be permuted by the se-
mantics. Compositional choreographies add an explicit parallel operator for composing independently
developed choreographies [23]. In our setting, the branches are parts of one structured workflow, shared
lifelines are handled by local interleaving, and the source language has no partial actions.

Outline. In Section 2, we recall the sequential ZIPPERGEN language. Section 3 introduces the parallel
construct with its syntax and semantics. Section 4 gives the extended projection and the local seman-
tics of the projected interleaving operator at shared lifelines. Section 5 proves deadlock-freedom and
semantic correctness. We conclude in Section 6.
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2 Preliminaries: ZIPPERGEN without Parallel

We recall the ZIPPERGEN syntax and semantics from [3]. A global program describes the coordination
of a fixed set of lifelines via messages, local actions, conditionals, and loops. Projection derives a local
program for each lifeline, and the Zipper lemma establishes that the distributed execution of these local
programs is deadlock-free and matches the global semantics. Section 3 extends this framework with the
parallel construct.

2.1 Global programs

Let A be a finite set of participant lifelines, X a set of typed variables, F a set of function names, and C a
set of Boolean conditions over X.

Definition 2.1 (Global programs). The set of global programs is given by:

P ::= ε | msg A(⃗x)→ B(⃗y) | act A : y⃗ = f (⃗x) | P1 ; P2

| if ϕ@A then Pthen else Pelse
| while ϕ@A do Pbody exit Pexit

where A,B ∈ A are distinct, f ∈ F, and ϕ ∈ C.

In message statements (msg), x⃗ and y⃗ range over tuples of constants and variables. In action state-
ments (act), the input tuple x⃗ may contain constants and variables, while y⃗ is a tuple of variables used
as assignment targets. The statement msg A(⃗x)→ B(⃗y) sends the values of x⃗ from A to B, where they are
received into y⃗. The statement act A : y⃗ = f (⃗x) performs the local operation f at lifeline A and stores its
results in y⃗. Lifeline A in if ϕ@A and while ϕ@A is the owner (decider) of the construct.

Definition 2.2 (Lifelines of a program). The set L (P) of lifelines of P is defined inductively as follows:
L (ε) = /0, L (msg A(⃗x)→ B(⃗y)) = {A,B}, L (act A : y⃗ = f (⃗x)) = {A}, and L (P1;P2) = L (P1)∪
L (P2). Similarly, for if and while the lifelines are the union of owner and branch lifelines.

2.2 MSC semantics

Let CName be a set of channel names with a distinguished element main (the top-level name; concrete
channel names for parallel regions are defined in Section 3.3). For lifeline A ∈ A, the (infinite) local
alphabet ΣA contains:

• send letters send A(⃗x)→ B[c] and receive letters recv A(⃗y)← B[c], for B ∈ A\{A}, c ∈ CName,
and payload tuples x⃗, y⃗ of constants and variables;

• local action letters act A : y⃗ = f (⃗x), where f ∈ F, x⃗ ranges over tuples of constants and variables,
and y⃗ over tuples of variables;

• choice letters if⊤(ϕ@A), if⊥(ϕ@A),while⊤(ϕ@A),while⊥(ϕ@A), for each condition ϕ ∈ C.

Projected programs use control broadcasts to communicate branch and loop decisions to the other life-
lines. These broadcasts are modeled as ordinary send/receive letters in the projected MSC semantics.
The owner of a construct P of the form if ϕ@A or while ϕ@A emits send A(b, tagP

ctrl)→C[c] to each
recipient C, where b ∈ {⊤,⊥} is the truth value of the guard and tagP

ctrl is a reserved tag unique to P. On
the other hand, C contributes a matching recv C(b, tagP

ctrl)← A[c] and branches on b. These messages
obey the same FIFO rules as user messages. They are not source syntax. Following [3], we use enriched
MSCs that contain these broadcasts and then erase them for the control-erased semantic observation.
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Definition 2.3 (Payload matching). For payload tuples x⃗ (for the sender) and y⃗ (for the receiver) whose
components may be constants or variables, we write match(⃗x, y⃗) if they have the same length and, com-
ponentwise, every receiver-side constant is matched by the same sender-side constant, while receiver
variables accept values of the appropriate type. This is the same compatibility condition as in [3].

As in [3], all results below are stated for well-typed programs. In particular, every message subpro-
gram msg A(⃗x)→ B(⃗y) satisfies match(⃗x, y⃗), every action invocation f (⃗x) is locally type-correct for its
output tuple y⃗, and every guard ϕ@A is a Boolean expression over values available at lifeline A.

Next, we define message sequence charts (MSCs), as tuples of words that induce a FIFO relation on
the induced event set.

Definition 2.4 (FIFO relation). For a tuple M = (wA)A∈A with wA ∈ Σ∗A, let |wA| be the length of wA and
wA[ j] its jth symbol, using indices starting at 1. The event set of M is

EM := {(A, j) | A ∈ A, 1≤ j ≤ |wA|}.

For A ̸= B and c∈ CName, let sndA→B[c](M) = (s1, . . . ,sm) be the send events (A, j) whose letter is of the
form send A(·)→ B[c], listed in local order. Let rcvB←A[c](M) = (r1, . . . ,rn) be the matching sequence
on the receiver side, namely the events (B, j) whose letter is of the form recv B(·)← A[c]. The FIFO
relation ◁M ⊆ EM×EM contains the pairs (sk,rk) for all k ≤min(m,n), for all A ̸= B and c ∈ CName.

Definition 2.5 (MSC). A tuple M = (wA)A∈A is an MSC if:

(1) every receive event is matched in ◁M;

(2) whenever a send event with payload x⃗ is matched to a receive event with payload y⃗, we have
match(⃗x, y⃗);

(3) the transitive closure of ◁M ∪{((A, j),(A, j+ 1)) | A ∈ A, 1 ≤ j < |wA|} is a strict partial order,
that is, acyclic.

It is a complete MSC if additionally every send event is matched in ◁M.

Definition 2.6 (Control erasure). For a tuple of local words M = (wA)A, the tuple erasectrl(M) is obtained
by removing every control-broadcast send or receive symbol, that is, every send/receive letter carrying
some reserved tag tagQ

ctrl, from each wA.

Control erasure keeps choice letters. In the enriched MSCs generated by projected programs (the
only ones to which we apply erasure) each control send is matched with its corresponding control receive,
since both carry the reserved tag tagQ

ctrl and are routed on the same subchannel. For such an M, if M
is a complete MSC then erasectrl(M) is again a complete MSC: matched control sends and receives are
deleted in pairs; after re-indexing the remaining sends and receives on each directed channel, payload
matching is unchanged, and deleting events cannot create a causal cycle. We extend control erasure
pointwise to sets of MSCs.

Thus MSCs in this paper may be incomplete: unmatched sends represent messages in transit. Pro-
grams without the parallel operator use only channel name main, reducing to one queue per directed pair
as in [3]. We next set up the channel-parametric semantics needed by parallel branches.

We use componentwise concatenation of MSC tuples: M1 ◦M2 := (uAvA)A∈A for M1 = (uA)A and
M2 = (vA)A. As in [3], concatenation is stable when the left factor is complete: if M1 is a complete
MSC and M2 is an MSC, then M1 ◦M2 is an MSC; if M2 is complete as well, then M1 ◦M2 is complete.
Conversely, if M is a complete MSC and M ◦N is an MSC, then N is an MSC (and complete when M ◦N
is complete).
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Let 0 := (ε)A∈A denote the empty MSC tuple. For a letter α ∈ ΣA, write oneA(α) for the tuple with
word α at A and empty words elsewhere. For a source message msg A(⃗x)→ B(⃗y) and channel name c,
write msgc

A,B(⃗x, y⃗) for the complete MSC with local words send A(⃗x)→ B[c] at A and recv B(⃗y)← A[c]
at B, and ε elsewhere.

For a control construct P with owner A, the recipient set R(P) is given by:

R(if ϕ@A then Pthen else Pelse) = (L (Pthen)∪L (Pelse))\{A},
R(while ϕ@A do Pbody exit Pexit) = (L (Pbody)∪L (Pexit))\{A}.

Fix once and for all a global order on the lifelines. Each finite recipient set is enumerated by re-
stricting this order. Let Q be a control construct with owner A, and let b ∈ {⊤,⊥}. Recall that, for an if-
construct the owner choice letter is if⊤(ϕ@A) or if⊥(ϕ@A), and for a while-construct it is while⊤(ϕ@A)
or while⊥(ϕ@A). The decision block Decc

Q(b) is the tuple of local words that contains, on A, the owner
choice letter for truth value b followed by the control sends send A(b, tagQ

ctrl)→C[c] for all C ∈R(Q)

in the fixed order. On each recipient C, it contains the matching receive recv C(b, tagQ
ctrl)← A[c]; all

other local words are empty. Each decision block is a complete MSC, and erasing controls leaves only
the owner choice letter.

The internal enriched semantics retains the ordinary source steps together with the control broadcasts
inserted by projection.
Definition 2.7 (Internal enriched semantics). For a global program P and channel name c ∈ CName, the
internal enriched semantics Enrc(P) is defined as follows. For

I = if ϕ@A then Pthen else Pelse and W = while ϕ@A do Pbody exit Pexit,

we let

Enrc(ε) = {0},
Enrc(act A : y⃗ = f (⃗x)) = {oneA(act A : y⃗ = f (⃗x))},
Enrc(msg A(⃗x)→ B(⃗y)) = {msgc

A,B(⃗x, y⃗)},
Enrc(P1;P2) = {M1 ◦M2 |M1 ∈ Enrc(P1), M2 ∈ Enrc(P2)},

Enrc(I) = {Decc
I (⊤)◦M |M ∈ Enrc(Pthen)}

∪{Decc
I (⊥)◦M |M ∈ Enrc(Pelse)}.

For the while program W , let Ewhile
0 contain the executions

Decc
W (⊥)◦Mexit

with Mexit ∈ Enrc(Pexit), and let Ewhile
k+1 contain the executions

Decc
W (⊤)◦Mbody ◦M

with Mbody ∈ Enrc(Pbody) and M ∈ Ewhile
k . Then Enrc(W ) =

⋃
k≥0 Ewhile

k . The control-erased semantic
observation is JPKc := erasectrl(Enr

c(P)).
The rule for the parallel operator is added in Definition 3.4. We write JPKsrc for JPKmain, the source-

level observation used in the correctness theorem. Despite the subscript, this observation still carries the
compiler-assigned branch channel names, which distinguish FIFO queues in the MSC representation.

Unlike the sequential core of ZIPPERGEN, the parallel extension uses this projection-aligned internal
enriched semantics before control erasure. Section 3.4 explains why parallel shuffles must be filtered
before projected control broadcasts are erased.
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2.3 Projection and local programs

For a fixed lifeline A, the projection πA(P) derives a local program for A. The grammar of local programs
for A is given as follows:

S ::= ε | send A(⃗x)→ B[c] | recv A(⃗y)← B[c] | act A : y⃗ = f (⃗x) | S1 ; S2

| if ϕ@A then Sthen else Selse | if A(⃗y)← B[c] then Sthen else Selse
| while ϕ@A do Sbody exit Sexit | while A(⃗y)← B[c] do Sbody exit Sexit

The local constructs if ϕ@A and while ϕ@A are used at the lifeline that evaluates the guard and records
the corresponding choice letter; this is the meaning of the subscript own below. Recipient-side constructs
if A(⃗y)← B[c] and while A(⃗y)← B[c] use a non-empty tuple y⃗ of constants and variables. Writing
y⃗ = (y1,y2, . . .), the first component y1 is a Boolean variable for the truth value (later, projected control
receives use the second component to carry the construct tag). Moreover, c ∈ CName: the projection
rules below determine the channel name used at each send and receive.
Definition 2.8 (Local trace semantics). For a local program S at lifeline A, the complete local trace
language ⟨⟨S⟩⟩ ⊆ Σ∗A is defined inductively. For

Iown = if ϕ@A then Sthen else Selse,

Irecv = if A(⃗y)← B[c] then Sthen else Selse,

Wown = while ϕ@A do Sbody exit Sexit,

Wrecv = while A(⃗y)← B[c] do Sbody exit Sexit,

the semantics is given as follows:

⟨⟨ε⟩⟩= {ε},
⟨⟨send A(⃗x)→ B[c]⟩⟩= {send A(⃗x)→ B[c]},
⟨⟨recv A(⃗y)← B[c]⟩⟩= {recv A(⃗y)← B[c]},
⟨⟨act A : y⃗ = f (⃗x)⟩⟩= {act A : y⃗ = f (⃗x)},

⟨⟨S1;S2⟩⟩= {uv | u ∈ ⟨⟨S1⟩⟩, v ∈ ⟨⟨S2⟩⟩},
⟨⟨Iown⟩⟩= {if⊤(ϕ@A)u | u ∈ ⟨⟨Sthen⟩⟩}∪{if⊥(ϕ@A)u | u ∈ ⟨⟨Selse⟩⟩}.

For a receive-guarded conditional with owner B, we write y⃗⊤ and y⃗⊥ for the received payload tuples with
first component ⊤ or ⊥ and all other components unchanged, respectively. With this, we define

⟨⟨Irecv⟩⟩= {recv A(⃗y⊤)← B[c]u | u ∈ ⟨⟨Sthen⟩⟩}
∪{recv A(⃗y⊥)← B[c]u | u ∈ ⟨⟨Selse⟩⟩}.

Local while loops at the guard lifeline are finite iterations. Let T0 contain the words while⊥(ϕ@A)v
with v ∈ ⟨⟨Sexit⟩⟩, and let Tk+1 contain the words while⊤(ϕ@A)uw with u ∈ ⟨⟨Sbody⟩⟩ and w ∈ Tk. Then
⟨⟨Wown⟩⟩ =

⋃
k≥0 Tk. For the receive-guarded loop, let rb = recv A(⃗yb)← B[c] for b ∈ {⊤,⊥}, define

R0 = {r⊥v | v ∈ ⟨⟨Sexit⟩⟩} and Rk+1 = {r⊤uw | u ∈ ⟨⟨Sbody⟩⟩, w ∈ Rk}, and set ⟨⟨Wrecv⟩⟩ =
⋃

k≥0 Rk. We
write ⟨⟨S⟩⟩pref := {u | ∃v. uv ∈ ⟨⟨S⟩⟩} for the prefix closure of ⟨⟨S⟩⟩. Hence ⟨⟨S⟩⟩ ⊆ ⟨⟨S⟩⟩pref , and ε ∈ ⟨⟨S⟩⟩pref
whenever ⟨⟨S⟩⟩ is nonempty.

The local trace language generates candidate words for one lifeline. It does not by itself impose
communication well-formedness: a send letter in one local word need not have a matching receive until
the tuple of local words is checked by the MSC conditions in the distributed semantics below.
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3 Parallel Regions

The parallel construct adds a parallel operator to the global program language. Branches are full pro-
grams that may share lifelines. Channel names assigned by the compiler separate their messages without
exposing new source-level syntax. This section defines the syntax of the new construct (Section 3.1), a
motivating example (Section 3.2), the channel-name assignment (Section 3.3), and the internal enriched
semantics used to interpret parallel shuffles (Section 3.4).

3.1 Syntax

A parallel region has finitely many branches, each of which is an ordinary global program. It adds no
new message, action, or control statements, and branches may share lifelines.
Definition 3.1 (Extended global programs). The grammar of Definition 2.1 is extended with:

P ::= . . . | parallel(P1, . . . ,Pn) (n≥ 2)

Each Pi is a branch and is itself a full global program (in particular, branches may contain if, while, and
nested parallel). The lifelines of a parallel region are L (parallel(P1, . . . ,Pn)) = L (P1)∪ . . .∪L (Pn).

If a lifeline occurs in several branches, projection will combine the corresponding local branch pro-
grams by the local interleaving operator introduced in Section 4.

3.2 Example: command center

Program 1 sketches a personal command center. One stream classifies email, another stream handles
chat commands from the owner. The streams are independent, but they share lifelines: the Dispatcher
classifies requests, Calendar performs calendar actions, and User resolves human-approval actions. The
email stream also uses Writer and Mailbox for drafting and mailbox operations. The outer block is the
parallel-region construct, and skip denotes the empty program ε of Definition 2.1. Here, “...” is a
placeholder for omitted route cases.

The service that motivates the example is meant to keep running. The semantics in this paper, how-
ever, is a semantics of finite MSCs. Program 1 should therefore be read as one finite service window:
each loop contributes some finite number of iterations and then takes its exit. An always-on deployment
is modeled by repeated finite windows, or by reasoning about arbitrary finite prefixes of the service.

The parallel structure matters even in one finite window. A sequential encoding would have to decide,
for example, whether all pending email is handled before any chat command, or conversely. That order
is not part of the intended coordination. In the parallel program, Mailbox and Chat can make progress
independently, while shared lifelines such as Dispatcher, Calendar, and User locally interleave the work
addressed to them.

At the same time, not every syntactic interleaving of the two branches is globally meaningful. The
chat branch may send a request from Calendar to User and then a confirmation from User back to Calen-
dar; other email routes may pass through Calendar, User, Writer, and Mailbox. When these branch-local
orders are interleaved on shared lifelines, some tuples can create circular causal dependencies. Such
tuples are syntactic shuffles, but they are not MSCs, so they are not internal enriched executions. The
semantics below accepts the globally consistent command-center schedules and filters out only the in-
consistent ones.

The parallel construct treats writes at a shared lifeline as ordinary interleaved local actions. If the
final value of a local variable matters, the programmer must ensure that the updates are independent,
commutative, or intentionally ordered by messages.
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Program 1: One finite command-center window.
1 parallel(
2 while email_window@Mailbox do
3 msg Mailbox(email) -> Dispatcher(email) ;
4 act Dispatcher : route = classify_email(email) ;
5 if route = "reply"@Dispatcher then
6 msg Dispatcher(email) -> Writer(email) ;
7 act Writer : reply = draft_reply(email) ;
8 msg Writer(reply) -> User(reply) ;
9 act User : edit = approve_or_edit(reply) ;

10 if edit@User then
11 msg User(edit) -> Mailbox(edit) ;
12 act Mailbox : status = save_draft(edit)
13 else
14 skip
15 else
16 ...
17 exit
18 skip,
19

20 while chat_window@Chat do
21 msg Chat(cmd) -> Dispatcher(cmd) ;
22 act Dispatcher : chat_route = classify_chat(cmd) ;
23 if chat_route = "schedule"@Dispatcher then
24 msg Dispatcher(cmd) -> Calendar(cmd) ;
25 act Calendar : event = extract_event(cmd) ;
26 msg Calendar(event) -> User(event) ;
27 act User : ok = confirm_event(event) ;
28 if ok@User then
29 msg User(event) -> Calendar(event) ;
30 act Calendar : status = create_event(event) ;
31 msg Calendar(status) -> Chat(status)
32 else
33 msg User(ok) -> Chat(ok)
34 else
35 ...
36 exit
37 skip
38 )

3.3 Channel Names

Send/receive actions in different branches of the same parallel region may use the same source-level
channel A→ B. The compiler therefore refines each directed FIFO channel A→ B by an internal channel
name c ∈ CName, yielding subchannels (A,B,c). FIFO order is maintained per subchannel.
Definition 3.2 (Channel names). Each parallel occurrence in a program carries a distinct occurrence
label o (concretely, its position in the program syntax tree; the prototype uses the node identity). CName
is the set of finite paths whose steps are pairs o.i of an occurrence label o and a positive branch index
i. The root path is main, and if c ∈ CName then c.o.i appends the step for branch i of the occurrence
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o. Top-level sends and receives in branch i of a parallel occurrence o reached under current channel c
carry c.o.i. A nested parallel extends the path further. Because distinct occurrences carry distinct labels,
branches of different parallel occurrences never share a channel.

Channel names are not part of the source language. The set CName contains all possible names.
Each compiled program uses a finite subset. Programs without parallel use only main.

Control tags serve a different purpose. As in the base ZIPPERGEN proof, each syntactic occurrence Q
of an if- or while-construct induces a reserved tag tagQ

ctrl, and distinct occurrences use distinct reserved
tags. Tags distinguish control constructs within a channel, whereas channel names separate concurrent
branch queues.

For a program P reached under current channel c, let Chc(P) be the finite set of branch channel names
generated by parallel constructs in P, including P itself if it is parallel:

Chc(ε) = Chc(msg A(⃗x)→ B(⃗y)) = Chc(act A : y⃗ = f (⃗x)) = /0,

Chc(P1;P2) = Chc(P1)∪Chc(P2),

Chc(if ϕ@A then Pthen else Pelse) = Chc(Pthen)∪Chc(Pelse),

Chc(while ϕ@A do Pbody exit Pexit) = Chc(Pbody)∪Chc(Pexit),

Chc(parallelo(P1, . . . ,Pn)) =
n⋃

i=1

(
{c.o.i}∪Chc.o.i(Pi)

)
.

Every element of Chc(P) strictly extends c, so c /∈ Chc(P); in particular c.o.i /∈ Chc.o.i(Pi). Because
distinct parallel occurrences carry distinct labels, two separation properties hold. Sibling disjointness:
for a fixed occurrence o, the sets Co,i = {c.o.i} ∪Chc.o.i(Pi) for its branches i = 1, . . . ,n are pairwise
disjoint, since they extend the distinct prefixes c.o.i. Per-name origin: every channel name other than
main is generated by a unique parallel-branch occurrence—the one named by its final step o.i—and, as
FIFO matches only equal names, the matching event of a send or receive on a name stays within that
branch occurrence. We call these properties channel-origin uniqueness. For different occurrences the
sets Co,i need not be disjoint: a name from a nested branch lies in the enclosing branch’s set as well. The
proofs use only sibling disjointness and per-name origin, both of which hold globally.

Control broadcasts are treated like ordinary messages with respect to channel names: they inherit the
current channel name. Thus, if a construct Q of the form if ϕ@A or while ϕ@A is projected under
channel c, every control send send A(b, tagQ

ctrl)→C[c] uses subchannel c. Directly inside branch i of a
parallel occurrence o reached under current channel c, the current channel is c.o.i, and inside a nested
parallel branch it is extended again. The reserved tag tagQ

ctrl identifies the particular if/while construct
Q within that channel. The two mechanisms therefore serve distinct roles: the occurrence/path-based
channel name separates parallel branches, while the construct-based control tag distinguishes individual
control constructs within a branch.

3.4 Semantics

The internal enriched semantics of a parallel region consists of the complete MSCs that arise as shuffles
of one enriched execution from each branch, evaluated under the branch-local channel names assigned in
Section 3.3. The source observation is obtained by applying control erasure to this enriched semantics,
as in Definition 2.7.

Definition 3.3 (Shuffle). Let M = (wA)A∈A and Mi = (ui
A)A∈A for 1≤ i≤ n be tuples of local words. We

say that M is a shuffle of M1, . . . ,Mn if, for each A ∈ A, the word wA is an interleaving of u1
A, . . . ,u

n
A, that
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is, there exist order-preserving injections φi : {1, . . . , |ui
A|} → {1, . . . , |wA|} with pairwise disjoint ranges

that together cover {1, . . . , |wA|}, such that wA[φi(k)] = ui
A[k] for all i,k.

Definition 3.4 (Internal semantics of parallel). Let P = parallelo(P1, . . . ,Pn) with occurrence label o. Its
internal enriched semantics under current channel c is

Enrc(P) =
{

M
∣∣ M is a shuffle of some M1 ∈ Enrc.o.1(P1), . . . ,Mn ∈ Enrc.o.n(Pn) and

M is a complete MSC
}
.

Note that, by Definition 3.2, c /∈ Chc(P) for every program P. Together with Definition 2.7, we now
have the complete internal enriched semantics of extended programs. The control-erased observation
remains JPKc = erasectrl(Enr

c(P)).
This is a filtered shuffle semantics. The syntactic shuffle relation describes all branch-local inter-

leavings, while the semantic rule keeps exactly those enriched interleavings whose induced tuple is a
complete MSC. Hence a cyclic local ordering such as “both sides receive before sending” is not an exe-
cution. For instance, with branches msg A→ B and msg B→ A, each branch is acyclic on its own. But a
local shuffle may put, on A, the receive from B before the send to B and, on B, the receive from A before
the send to A. The two local orders and the two message edges form a causal cycle, so this syntactic
shuffle is rejected by the MSC filter.

There is a second, more specifically projected reason to apply the MSC filter before control erasure.
Validity of a parallel shuffle may depend on causal edges introduced by projected control broadcasts.
Erasing these broadcasts before applying the MSC filter would accept tuples that cannot arise as projected
executions. Consider

P = parallelo(I,msg B→ A) where I = if ϕ@A then act B : y = f () else act B : y = g().

Projection emits a control message from A to B in either branch. In the true execution considered here,
the message carries the value ⊤. A local shuffle may put, on A, the receive of the B→ A message before
the owner choice and its control send, and, on B, the control receive and selected action before the B→ A
send. After erasing controls, this control-erased tuple has no causal cycle: it contains the B→ A message
together with local choice/action order. Before erasure, however, using the branch channels main.o.1
and main.o.2 from Section 3.3, the control edge creates the cycle

send B→ A[main.o.2] −→ recv A← B[main.o.2]

−→ send A(⊤, tagI
ctrl)→ B[main.o.1]

−→ recv B(⊤, tagI
ctrl)← A[main.o.1]

−→ send B→ A[main.o.2],

where arrows abbreviate message edges or local-order paths. Thus the tuple is not a distributed exe-
cution. This is why parallel composition filters enriched tuples first and erases control broadcasts only
afterwards.

The MSC filter does not make a nonempty family of branches vacuous. If each Enrc.o.i(Pi) is
nonempty, choose Mi ∈ Enrc.o.i(Pi) for every branch and serialize the branches in the order 1, . . . ,n:
on every lifeline A, take the word of branch 1 at A, followed by the word of branch 2 at A, and so on,
omitting empty words. Every cross-branch local edge then goes from a smaller branch index to a larger
one. Since branch channel sets are disjoint, FIFO matching stays within the corresponding branch block.
A causal cycle would therefore either stay inside one branch, contradicting that Mi is an MSC, or strictly
increase the branch index and never decrease it. Payload matching and completeness are inherited from
the branch MSCs, so the serialized shuffle belongs to Enrc(P).
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4 Projection and Local Semantics

To project a parallel region, we extend the local program grammar with a local interleaving operator. The
projection function carries the current channel name as a superscript.

The local program grammar is extended with:

S ::= . . . | parloc(S1, . . . ,Sn)

where parloc(S1, . . . ,Sn) interleaves the branch-local programs while preserving the internal order of
each component. Each component S j carries the channel name of its branch, which the runtime uses to
route sends and receives to the correct queue.

The projection therefore carries the current channel c as a superscript, written πc
A(P) (recall that

c /∈ Chc(P) according to Definition 3.2). The top-level call uses c =main.
Using the global lifeline order fixed above, for a control construct Q with owner B and truth value

b ∈ {⊤,⊥}, let bcastc
B,Q(b) denote the local program

send B(b, tagQ
ctrl)→C1[c] ; . . . ; send B(b, tagQ

ctrl)→Cm[c],

where R(Q) = {C1, . . . ,Cm} in that order. If R(Q) = /0, this sequence is ε .

Definition 4.1 (Full projection). The projection πc
A(P) is defined by structural induction on P as follows:

π
c
A(ε) = ε,

π
c
A(act A : y⃗ = f (⃗x)) = act A : y⃗ = f (⃗x),

π
c
A(act B : y⃗ = f (⃗x)) = ε (A ̸= B),

π
c
A(msg A(⃗x)→ B(⃗y)) = send A(⃗x)→ B[c],

π
c
A(msg B(⃗x)→ A(⃗y)) = recv A(⃗y)← B[c] (A ̸= B),

π
c
A(msg B(⃗x)→C(⃗y)) = ε (A /∈ {B,C}),

π
c
A(P1;P2) = π

c
A(P1);π

c
A(P2)

For
I = if ϕ@B then Pthen else Pelse,

control broadcasts use channel name c:

π
c
A(I) =


if ϕ@A then bcastc

A,I(⊤) ; πc
A(Pthen) else bcastc

A,I(⊥) ; πc
A(Pelse) if A = B,

if A(z, tagI
ctrl)← B[c] then πc

A(Pthen) else πc
A(Pelse) if A ∈R(I),

ε otherwise.

For
W = while ϕ@B do Pbody exit Pexit,

we set

π
c
A(W ) =


while ϕ@A do bcastc

A,W (⊤) ; πc
A(Pbody) exit bcastc

A,W (⊥) ; πc
A(Pexit) if A = B,

while A(z, tagW
ctrl)← B[c] do πc

A(Pbody) exit πc
A(Pexit) if A ∈R(W ),

ε otherwise.
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In the recipient cases, z is a fresh Boolean variable. For P = parallelo(P1, . . . ,Pn) with occurrence label
o, set ci = c.o.i and Si

A = π
ci
A (Pi):

π
c
A(P) = parloc(S1

A, . . . ,S
n
A).

The local semantics of parloc is an interleaving of its component traces.

Definition 4.2 (parloc local trace semantics). For the extended local grammar we extend the notation
of Definition 2.8, using tagged traces as proof witnesses. The tagged complete local trace language
⟨⟨S⟩⟩† is the ordinary complete local trace language, except that each parloc node records the component
from which a letter came. Atomic programs do not add a tag by themselves, but tags are added when
their letters are emitted by an enclosing parloc node. The sequential, conditional, and loop cases are the
ordinary ones applied recursively. The only new rule is:

⟨⟨parloc(S1, . . . ,Sn)⟩⟩†

=
{

v† ∣∣ ∃w†
1 ∈ ⟨⟨S1⟩⟩†, . . . ,w†

n ∈ ⟨⟨Sn⟩⟩† : v† is a tagged interleaving of w†
1, . . . ,w

†
n
}
.

Here a tagged interleaving is an ordinary shuffle in which each emitted letter is additionally marked by
its component j ∈ {1, . . . ,n}. The forget map forget removes these marks. They are proof witnesses,
not runtime letters. These component tags are distinct from the reserved control tags tagQ

ctrl carried by
compiler-inserted control messages. For example, if S1 has local trace αβ and S2 has local trace γ , then
⟨1,α⟩⟨2,γ⟩⟨1,β ⟩ is a tagged trace of parloc(S1,S2), and forget maps it to αγβ . We set

⟨⟨S⟩⟩ := forget(⟨⟨S⟩⟩†) and ⟨⟨S⟩⟩pref := forget(⟨⟨S⟩⟩†pref),

where ⟨⟨S⟩⟩†pref is the prefix closure of ⟨⟨S⟩⟩†.

Definition 4.3 (Distributed program and semantics). A distributed program D = (SA)A∈A assigns one
local program from the extended grammar to each lifeline. Its complete semantics and prefix semantics
are, respectively:

JDK :=
{
(wA)A

∣∣∣ wA ∈ ⟨⟨SA⟩⟩ for all A, (wA)A is a complete MSC
}
,

JDKpref :=
{
(wA)A

∣∣∣ wA ∈ ⟨⟨SA⟩⟩pref for all A, (wA)A is an MSC
}
.

Note that we have JDK⊆ JDKpref .
For a well-typed extended program P and a current channel c, write Dc

P :=
(
πc

A(P)
)

A∈A. The top-level
projected distributed program is DP := Dmain

P .

Scheduler & Implementation. After projection, a parallel region is run by a local scheduler at each
lifeline. The parallel operator is implemented this way in a ZIPPERGEN prototype1, an open-source
Python framework for structured multi-agent coordination. There is one sequential executor per lifeline,
i.e., parallel branches do not create independent copies. When the executor reaches parloc(S1, . . . ,Sn),
it stores one residual program per component and executes a round-robin policy: starting from the com-
ponent after the one chosen last, it examines the residuals in order. A send, a local action, and a choice
step are always enabled and executed immediately. A receive is enabled only when the corresponding

1https://zippergen.io

https://zippergen.io
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subchannel already contains a message. If it does not, the scheduler skips to the next component. Thus
a blocked receive in one branch does not force the whole shared lifeline to wait. The executor leaves
the parloc node once every component has finished its local program. The MSC filter is a denotational
characterization of the complete executions admitted by the internal enriched semantics. An implemen-
tation does not need to test MSC-validity in advance: receives are enabled only when the corresponding
message is available, so cyclic receive-before-send patterns cannot be produced as operational runs. The
formal correspondence assumes fairness: an enabled component may be delayed, but not forever.

5 Correctness

We extend the two main results of [3], deadlock-freedom and semantic correctness, to programs with
filtered parallel regions. The internal enriched semantics Enrc(P) already contains the same decision
blocks that projection emits. The control-erased semantic observation is obtained only at the end, by
erasing those compiler-inserted control broadcasts. With this convention, the if/while cases of the cor-
rectness proof are the cases of [3] with the current channel name carried along: a complete decision
block is concatenated before the selected continuation. The parallel case applies the induction hypothe-
ses branchwise and lets the MSC filter check the enriched shuffle.

We write u⪯ v for the prefix order on words over any alphabet, i.e., if there exists a word w such that
uw = v. In particular, this applies to ordinary local words as well as tagged words. For tuples U = (uA)A

and V = (vA)A of local words, we write U ⪯V if uA ⪯ vA for every lifeline A. Thus, when M and M′ are
MSCs represented as tuples of local words, M ⪯M′ means componentwise prefix.

Definition 5.1 (Zipper postcondition). Let P be a well-typed extended program, and fix a channel name c.
For each lifeline A, write SA = πc

A(P) for its projection. For tuples of local words U = (uA)A, Ū = (ūA)A,
and V = (vA)A, we write

ZipPostc
P(U,Ū ,V )

if the following hold:

(1) for every A: uA ⪯ ūA, ūA ∈ ⟨⟨SA⟩⟩, and (vA ̸= ε =⇒ ūA = uA);

(2) Ū is a complete MSC;

(3) (uAvA)A is an MSC;

(4) (ūAvA)A is an MSC.

This is exactly the Zipper postcondition of [3], except that projections are parameterized by a current
channel name c. In particular, condition 2 requires Ū to be a complete MSC of the projected words.
These still contain the control broadcasts that projection emits for the if and while constructs of P;
the corresponding source-level MSC is recovered only by erasing them, which is done for the final
observable statement. The channel parameter matters only for bookkeeping: in a non-parallel construct
it is kept unchanged, while a parallel node replaces it by branch names that are outside the corresponding
branch subprograms.

We first state the local prefix property used in the Zipper argument.

Lemma 5.2 (Prefix-freeness of complete local traces). For every local program S and lifeline A, ⟨⟨S⟩⟩† is
prefix-free.

Proof. By structural induction on S. Atomic programs and ε are immediate. Sequential composition
uses the induction hypotheses for the two factors. For conditionals and loops, two complete traces with
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one a prefix of the other agree on their first control letter, hence select the same arm or take the same
first step (a further iteration versus the loop exit), and the claim follows by the induction hypothesis on
the chosen subprogram. For parloc(S1, . . . ,Sn), suppose two complete tagged traces are comparable by
prefix. As the component tags are explicit, restricting both to each component yields complete traces of
the corresponding S j; were the prefix strict, some component trace would be a strict prefix of another
complete component trace, contradicting the induction hypothesis. For local programs without parloc,
this is ordinary prefix-freeness of ⟨⟨S⟩⟩.

By Definition 3.2, every channel name in Co,i = {c.o.i}∪Chc.o.i(Pi) begins with the prefix c.o.i, so its
events lie within branch i of occurrence o (a nested name c.o.i.o′.i′ is generated by the inner occurrence
o′, but still inside branch i of o). Since FIFO matches only equal names, the matching event of a send or
receive on such a name lies on the same name, hence again within branch i of o. Thus, in any tuple, the
events on the channels Co,i are exactly the branch-i events of o and are matched among themselves. We
call this channel-origin uniqueness.

Channel-origin uniqueness is a spatial separation: it tells parallel occurrences apart—siblings, and
successive nodes such as one parloc followed by another—so that a channel name pins down one branch
of one occurrence. It does not separate distinct dynamic iterations of the same occurrence: a parallel
occurrence run inside a loop body reuses its branch channels across iterations, since static projection
cannot allocate a fresh channel per dynamic iteration. Hence a branch message could a priori be FIFO-
matched across iterations, or across the prefix/continuation boundary, the only reuse the occurrence
labelling leaves behind. This residual, temporal reuse is handled not by channel names but by counting:
the following two-sided invariant of the ZIPPERGEN Zipper proof rules it out once one endpoint has
completed the subprogram. Both directions are used below: direction (1) for the branch restriction,
direction (2) for the replacement of U by Ū in condition 4. For a directed channel A→ B[d] and a local
word w, write #sndA→B[d](w) for the number of send letters on A→ B[d] in w and #rcvA→B[d](w) for the
number of receive letters on A→ B[d] in w.

Lemma 5.3 (FIFO-count invariant). Let P be a well-typed extended global subprogram reached under
channel c. Let (uX)X and (vX)X be tuples of local words such that, for every lifeline X,

uX ∈ ⟨⟨πc
X(P)⟩⟩pref and vX ̸= ε =⇒ uX ∈ ⟨⟨πc

X(P)⟩⟩,

and suppose that (uX vX)X is an MSC. Fix a directed channel A→ B[d] occurring in the projection of P,
that is, d = c or d ∈ Chc(P). Then:

(1) If uA ∈ ⟨⟨πc
A(P)⟩⟩, then

#rcvA→B[d](uB)≤ #sndA→B[d](uA).

Consequently, every A→ B[d] receive in uB is FIFO-matched to a send in uA.

(2) If uB ∈ ⟨⟨πc
B(P)⟩⟩, then

#sndA→B[d](uA)≤ #rcvA→B[d](uB).

Consequently, every A→ B[d] send in uA that is matched in (uX vX)X is FIFO-matched to a receive
in uB.

Proof. The proof is by induction on P, proving both inequalities together. We give the argument for (1);
the proof of (2) is analogous, with the roles of the completed endpoint and the other endpoint exchanged.

For an atomic message, action, or empty program, the claim follows directly from the local trace se-
mantics and the FIFO definition. In particular, for a message A→ B on channel c, a complete sender-side
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trace contains the single corresponding send, while a receiver-side prefix contains at most the matching
receive. Atomic programs not using the channel A→ B[d] contribute zero to the relevant counts.

Sequential composition uses the unique prefix decomposition induced by the local trace semantics.
The counts on A→ B[d] split into the contributions of the two sequential components, and the induction
hypotheses for the two components are summed.

Conditionals and loops are the sequential ZIPPERGEN cases. The projected control broadcasts syn-
chronize all participants with the owner on the selected branch and, for loops, on the number of com-
pleted iterations. Once the completed endpoint has finished the local projection of the construct, the other
endpoint cannot have consumed more A→ B[d] communications of that construct than the completed
endpoint has produced. This is exactly the FIFO-count invariant of the sequential Zipper argument, with
the current channel name carried along.

It remains to consider P = parallelo(P1, . . . ,Pn). If d = c, then no send or receive of the parloc
projection uses d, so both relevant counts are zero. Otherwise, by channel-origin uniqueness, d belongs
to a unique branch-channel set

Ci = {c.o.i}∪Chc.o.i(Pi),

so every A→ B[d] letter belongs to branch i.
Choose tagged lifts of the prefixes uX in the outer parloc projection, taking a complete tagged lift

whenever uX is itself complete for that projection. This is possible because the untagged complete-trace
language is the forget-image of the tagged one: a complete uX equals forget(u†

X) for some complete
tagged trace u†

X . (We cannot instead argue that every lift of a complete trace is complete: forget is many-
to-one, and the untagged parloc language is not prefix-free, so a complete untagged trace may also have
lifts that are strict tagged prefixes.) Let ui

X be the outer-tag-i component of such a lift, with all tags then
forgotten (the FIFO-count statement is about untagged words). Thus ui

X ∈ ⟨⟨πc.o.i
X (Pi)⟩⟩pref , and if uX is

complete then ui
X is complete for πc.o.i

X (Pi), because a complete tagged parloc trace restricts to complete
component traces. The choice of tagged lift does not affect the A→ B[d] counts, since communication
letters on d are identified by their channel name.

Let vi
X be the subword of vX consisting of the send and receive letters on channels in Ci; the con-

tinuation may reuse these channels, and such communications are exactly what vi
X retains. Since FIFO

matching is per directed channel, every receive on a channel in Ci is matched, in (uX vX)X , to a send on
that same channel, hence again in Ci. Deleting all other events preserves payload matching and acyclic-
ity, so (ui

X vi
X)X is an MSC. Also, if vi

X ̸= ε , then vX ̸= ε , so the hypothesis gives that uX is complete for
the outer parloc program, and therefore ui

X is complete for branch i.
Thus the induction hypothesis applies to Pi under channel c.o.i. If uA is complete for the outer parloc

program, then ui
A is complete for the branch projection, and the induction hypothesis gives

#rcvA→B[d](u
i
B)≤ #sndA→B[d](u

i
A).

These are exactly the corresponding counts in uB and uA, because all letters on d belong to branch i. This
proves (1); the argument for (2) is the same, using completeness of uB instead of uA.

In both directions the matching claim follows from the inequality: a prefix holds the lowest-indexed
letters on each directed channel, so a communication whose FIFO index is within the bound has its
matching event in the prefix.

The proof below uses two elementary, mutually inverse facts about the decorated trace semantics of a
parloc node. Restriction: a tagged prefix restricts componentwise to tagged prefixes of the components,
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and a tagged complete trace restricts to tagged complete component traces. Assembly: conversely, in-
terleaving complete tagged traces of the components yields a complete tagged trace of the parloc node
whose componentwise restrictions are those traces (Definition 4.2). Component tags are proof witnesses
and do not add runtime events; channel names, not tags, determine FIFO matching for send and receive
letters.

Lemma 5.4 (Zipper Lemma). Let P be a well-typed extended program, and fix a channel name c. For
each lifeline A, let SA = πc

A(P). Let U = (uA)A and V = (vA)A be tuples of local words such that:

• for every A: uA ∈ ⟨⟨SA⟩⟩pref ;

• for every A: vA ̸= ε =⇒ uA ∈ ⟨⟨SA⟩⟩ (if A has started the continuation, it has finished P);

• (uAvA)A is an MSC.

Then there exists Ū such that ZipPostc
P(U,Ū ,V ).

Proof. We prove, by induction on P, a decorated strengthening of the lemma. For each lifeline A, fix
a tagged lift u†

A ∈ ⟨⟨SA⟩⟩†pref with forget(u†
A) = uA, chosen complete whenever vA ̸= ε . This is possible

because then uA is complete, and complete untagged traces are forget-images of complete tagged traces.
The strengthened claim is that there exist tagged completions ū†

A ∈ ⟨⟨SA⟩⟩† such that

u†
A ⪯ ū†

A and vA ̸= ε =⇒ ū†
A = u†

A,

and such that, writing Ū = (forget(ū†
A))A, conditions 2–4 of Definition 5.1 hold. Since tags affect neither

FIFO matching nor the MSC relation, this strengthened claim implies the stated lemma.
The induction follows [3]. For ε , messages, actions, sequential composition, conditionals, and

loops there is no new top-level parloc, so the ordinary construction applies recursively, with the chan-
nel name c carried unchanged and the tags untouched. The only case that manipulates tags is P =
parallelo(P1, . . . ,Pn), with SA = parloc(S1

A, . . . ,S
n
A) and Si

A = πc.o.i
A (Pi).

Channel discipline. Let Ci = {c.o.i}∪Chc.o.i(Pi) be the channels of branch i. For this fixed occurrence
the sibling sets C1, . . . ,Cn are pairwise disjoint, so a send or receive on a channel in Ci belongs to branch
i, and its FIFO matching event, if any, lies on a channel in Ci.

Branch prefixes. Restricting u†
A to its outer-tag-i letters and stripping that tag gives ui,†

A ∈ ⟨⟨Si
A⟩⟩

†
pref ,

complete whenever u†
A is; put ui

A = forget(ui,†
A ) and U i = (ui

A)A (communication letters are sorted into
branches by their channel, local actions and owner choices by their outer tag). We show U i is an MSC.
Acyclicity and payload matching are inherited from (uAvA)A by deleting events; only receive-matching
needs an argument. Consider a branch-i receive in ui

B on a channel d ∈ Ci from A; in (uX vX)X it is
matched by a send on d, which lies in ui

A or in vA.
Let vi

X be the subword of vX on the channels of Ci. Then (ui
X vi

X)X is an MSC: every Ci-receive
keeps its corresponding FIFO-matching event and deleting the other events creates no cycle. Moreover,
(ui

X)X ,(vi
X)X satisfy the Zipper hypotheses for Pi: in particular vi

X ̸= ε forces vX ̸= ε , so uX is complete
and, by the choice of lift, ui

X is complete. (Recall that continuation vi
X need not be a trace of any program.)

Recall the matching send lies in ui
A or in vA. If vA = ε it lies in ui

A. Otherwise vA ̸= ε , so ui
A is a complete

trace of Si
A, and Lemma 5.3(1) for Pi places it in ui

A. Either way the receive is matched within U i, so U i

is an MSC.
Branch completions and assembly. Applying the induction hypothesis to each Pi with prefix (ui,†

A )A

and empty continuation yields tagged completions ūi,†
A = ui,†

A δ i
A ∈ ⟨⟨Si

A⟩⟩
†, each Ū i = (forget(ūi,†

A ))A a
complete MSC. Append the suffixes δ 1

A , . . . ,δ
n
A to u†

A, with outer tags restored, forming ū†
A; its outer-tag-i
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part is the complete trace ūi,†
A , so by the semantics of parloc, ū†

A ∈ ⟨⟨SA⟩⟩†. Put ūA = forget(ū†
A), so uA ⪯

ūA ∈ ⟨⟨SA⟩⟩. If vA ̸= ε then u†
A, hence each ui,†

A , is complete; as ui,†
A ⪯ ūi,†

A , prefix-freeness (Lemma 5.2)
gives δ i

A = ε , whence ūA = uA.
Condition 2. Ū = (ūA)A is a complete MSC. Completeness and payload matching are inherited from

the complete branch MSCs Ū i, the Ci being disjoint. For acyclicity, give the old letters level 0 and the
letters of δ i

A level i. Local order is level-monotone (old letters, then δ 1, . . . ,δ n). So are FIFO edges: a
match within level 0 or within one δ i stays there, and an old send completed by a new receive induces an
edge from level 0 to level i. No edge decreases the level, since a δ i-send matches neither an old receive
(old receives are already matched to old sends in U i) nor a δ j-receive with j ̸= i (the Ci are disjoint).
A cycle would thus stay within one level. Level 0 is acyclic as a subgraph of (uAvA)A, and level i as a
subgraph of Ū i.

Conditions 3 and 4. Condition 3 is the hypothesis that (uAvA)A is an MSC. For condition 4 take
a receive of B in vB on A→ B[d]. Then vB ̸= ε , so uB is complete. If vA = ε , all A→ B[d] sends lie
in uA, so Lemma 5.3(2) gives #sndA→B[d](uA) ≤ #rcvA→B[d](uB). With (uAvA)A an MSC this leaves no
A→ B[d] receive for vB, a contradiction. Hence vA ̸= ε , so ūA = uA and the receive keeps its matching
send (payload matching is inherited pairwise). For acyclicity, split the events into old, completion (δ ),
and continuation (V ). No lifeline carries both a δ and a v letter (since δA ̸= ε only when vA = ε), and
both follow the old letters. Each δ receive is matched inside Ū , and since Ū is complete, each δ send
is matched inside Ū as well. So no FIFO edge joins δ and V . Across the boundary no send matches an
old receive either, for two reasons. A completion send cannot, since every old receive is already matched
to an old send inside Ū . A continuation send cannot, since its sender is complete, so Lemma 5.3(1)
already puts the matching event of every old receive within the old prefix. Hence every cross-boundary
edge runs from an old letter to a δ or v letter, never the reverse, and none joins δ and V . Any cycle
in (ūAvA)A therefore lies in Ū or in (uAvA)A, both acyclic; so (ūAvA)A is an MSC. Forgetting the tags,
ZipPostc

P(U,Ū ,V ) holds.

Definition 5.5 (Deadlock-free). A distributed program D is deadlock-free if for every M ∈ JDKpref , there
exists M′ ∈ JDK with M ⪯M′.

Theorem 5.6 (Deadlock-freedom). Let P be a well-typed extended ZIPPERGEN program with nested
parallel regions. Then DP is deadlock-free.

Proof. Apply Lemma 5.4 with V = (ε)A. Let M = (mA)A ∈ JDPKpref . Then mA ∈ ⟨⟨SA⟩⟩pref and (mA)A is
an MSC. The second Zipper hypothesis is vacuous (all vA = ε), and the final MSC hypothesis is satisfied.
The lemma yields Ū with ZipPostmain

P (M,Ū ,(ε)A). In particular ūA ∈ ⟨⟨SA⟩⟩ and Ū is a complete MSC,
so Ū ∈ JDPK, with M ⪯ Ū .

The erasure in the theorem below is only control erasure: it removes the compiler-inserted control
broadcasts, but it does not remove channel names. Thus both the projected semantics and the source-
level observation are compared as MSCs over the same channel-named alphabet. These channel names
are part of the semantic representation of parallel regions, since they keep FIFO matching for different
branches separate.

Theorem 5.7 (Inductive Correctness). Let P be a well-typed extended program and DP its projected
distributed program. Then the following hold:

(1) For every M ∈ JPKsrc, there exists M̂ ∈ JDPK such that erasectrl(M̂) = M.

(2) For every M̂ ∈ JDPK, erasectrl(M̂) ∈ JPKsrc.
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Proof. We prove the stronger channel-parametric statement JDc
PK = Enrc(P) for every channel name c,

by induction on P.
The cases ε , act, msg, sequential composition, if, and while are exactly those of [3]: no non-

parallel construct alters the current channel, so the base proof applies with c carried unchanged—in par-
ticular used throughout the decision blocks of if and while, whose reserved control tags tagQ

ctrl keep the
broadcasts separate from ordinary messages. (The sequential case is the Zipper argument of Lemma 5.4
together with cancellation of MSC concatenation.) The only new case is P = parallelo(P1, . . . ,Pn).

It remains to consider P = parallelo(P1, . . . ,Pn). If M ∈ Enrc(P), then by definition M is a complete
MSC shuffle of some Mi ∈ Enrc.o.i(Pi). By induction, Mi ∈ JDc.o.i

Pi
K for every i. On each lifeline, the same

shuffle yields a word in ⟨⟨parloc(πc.o.1
A (P1), . . . ,π

c.o.n
A (Pn))⟩⟩ by Definition 4.2. Hence M ∈ JDc

PK.
Conversely, let M ∈ JDc

PK. Each lifeline component of M is a complete trace of the outer parloc
projection, so it has a complete tagged lift; choose such lifts, restrict them to component i, and for-
get all tags, obtaining untagged tuples Mi. By channel-origin uniqueness the sibling branch channel
sets C1, . . . ,Cn are disjoint, so send and receive letters restrict component by component. Since M is
a complete MSC and the chosen lifts are complete, receive matching, payload matching, complete-
ness, and acyclicity are inherited by these restrictions. The branch-numbering tag on a local action
or owner-choice letter does not affect matching, since such letters are single-lifeline events. Thus
Mi ∈ JDc.o.i

Pi
K. By induction, Mi ∈ Enrc.o.i(Pi). The original tuple M is a complete MSC shuffle of the

Mi, so M ∈ Enrc(parallelo(P1, . . . ,Pn)) by Definition 3.4.
Taking c = main gives the internal equality JDPK = Enrmain(P). The two erasure statements follow

directly from the definition JPKsrc = erasectrl(Enr
main(P)).

For programs without parallel, all user messages use the initial channel name, and forgetting this
uniform name recovers the channel-free statement of [3].

6 Conclusion

We have presented structured parallel regions for projected workflows. The construct lets a source pro-
gram run full workflow branches in parallel, including branches that share lifelines. Projection remains
syntax-directed: each lifeline receives a local parloc program over the branch projections, with ε com-
ponents for branches in which it does not participate.

The proof relies on three mechanisms. Branch-local channel names separate FIFO matching across
branches. The internal enriched semantics filters enriched branch shuffles to those that are complete
MSCs, while still guaranteeing existence by serializing branches. The channel-parametric Zipper lemma
then shows that every MSC prefix of the projected distributed program extends to a complete projected
MSC. This extends the deadlock-freedom and semantic correctness results of ZIPPERGEN to nested
parallel regions. Static criteria ensuring that the semantic filter is redundant are a natural direction for
future work.
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