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ABSTRACT
BIOSCAPE

P defines a new modeling language for a state-dependent
stochastic simulation of parallel processes in three dimensional space.
The contributions of the language are as follows. Normally a mod-
eling language describes an initial concentration of entities after
which all changes are driven by a simulation of reactions. We in-
stead design conditional simulation commands which depend on
a global state. Our contribution is a new command in the form
when R run A1 · · ·An, which will cause A1 · · ·An entities to
be added to the system when property R in the context of a global
state is satisfied. Commands and reactions are further equipped
with user-defined update functions to produce side effects on the
global state. The global state for simulation is defined to include at
least a simulation clock to enable time dependent computation.

BIOSCAPE
P matches the realistic nature of experimentation by

defining uncertainty from two sources: stochastic movement gen-
erating reactions on proximity, and probabilistic choice where an
entity has the ability to be involved in more than one reaction.

To capture the richer notion of state dependent conditional com-
mands, which need to be evaluated periodically, we must define
a system of multi-level semantics broken into two parts, World
Level Semantics and Individual Level Semantics. Both levels
take turns to evaluate their respective domains such that World
Level Semantics evaluates the aforementioned conditional com-
mands, while Individual Level Semantics simulates reactions, en-
tity movement, and the update of the simulation clock and timed
entities.

1. INTRODUCTION
Computational models have long been used to generate virtual

versions of laboratory experiments where initial concentrations re-
act over a period of time producing time-stamped simulation re-
sults. Although this mechanism captures a large class of exper-
iments, it does not model the conditional events that often alter
elaborate wet-lab experiments.
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ministered in appropriate doses over time. Because of the lack of
formalisms and tools to design virtual experiments depending on a
global state including the simulation clock, we define BIOSCAPE

P .
BIOSCAPE

P extends the syntax and semantics of BIOSCAPE to en-
able clock dependent simulation, and more generally state depen-
dent computational modeling. Fig. 1 shows an example of a state
dependent experiment. A simulation command is a collection of
conditional events (when-run). The predicate guarding the run
command may refer to global variables. In this example the vari-
able nBac corresponds to the number of bacteria in the system. At
time 0, initial concentrations of bacteria (Bac) and antimicrobial
agents (AmA) are added to the system. The remainder conditional
events prescribe to repeat every 12 hours the initial dose of antibi-
otics for 24 hours, if there are still bacteria present in the system
(nBac > 1). U and U1 are user-defined state update functions that
modify global variables depending on the relevant observations in
each model. For example, they could keep track of the number of
doses of antibiotics delivered.

when (clock = 0) runU Bac1 . . .Bacn AmA1 . . .AmAk;

when (clock=12hs ∧ nBac>1) runU1 AmA1 . . .AmAk;

when (clock=24hs ∧ nBac>1) runU1 AmA1 . . .AmAk;

Figure 1: Antibiotics every 12 hours while infection persists

2. SYNTAX OF MODELING LANGUAGE
The syntax of BIOSCAPE

P appears in Fig. 2. We first give an
intuitive introduction of the new syntactic constructs at the cost of
introducing some implicit forward references.

We assume a global state V of variables x, y, . . . including the
simulation clock, giving the programmer access to experimental
time. Among the novel aspects of BIOSCAPE

P is a richer collec-
tion of commands made possible in part by the new concepts of
experimental time and global state in a language-based modeling
platform.

Since a number of language constructors have the ability to de-
clare state modifications, we define state update functions. How-
ever we do not allow the user to update the simulation clock or the
counters for the population of species, such as nBac. As we will
see in Section 3.2, only simulation steps can update clock (See
rule PR.TIME in Fig. 11).

DEFINITION 2.1 (STATE UPDATE). Let U ⊂ dom(V ) be the
set of global variables that can be updated. A state update is a
partial function U : U → Z. The application of U to V , written
U ◦ V , is defined by:

Our earlier work on BIOSCAPE [4] helped us understand the
needs of virtual experimentation in a 3D environment. Experimen-
talists, however, rely on time and other observable conditions to
tailor their experiments, and for safety reasons, drugs are often ad-
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P,Q ::= 0 Empty Process

| X(v) Entity Instance

| P | Q Parallel Composition

| (νan,rad ).P Restriction

π ::= delayp,n,U
Delay

| !u(v)U
Output

| ?u(x)p,U
Input

| movU
Move

M ::= π.P | π.P +M Choice

N ::= M | (νan,rad).N Restricted Choice

u ::= a | b | · · · | x | y | · · · Identifiers

v, w ::= u | c | x | y | . . . Expressions

D ::= ∅ | D,X(x) = Nξ,ω,σ
Entity Definitions

E ::= ∅ | E, an,rad
Channel Declarations

W ::= X(v) | . . . | X(v) World

C ::= when R runU X(v) . . . X(v) Commands

| C;C | skip

Figure 2: Syntax of BIOSCAPE
P

• U ◦ V (x) = V (x) + k if U(x) = k,

• U ◦ V (x) = V (x) if x �∈ dom(U)

The conditional command when R runU X(v) . . . X(v) adds
new agents to the system when R is true. R is a decidable pred-
icate over the variables of the global state. Given a predicate R
and a state V , R(V ) is the result of evaluating the predicate R after
substituting the global variables occurring in R with their values in
V . Furthermore, if R is true, the global state is updated with U. Se-
quences of conditional commands can be used to repeat an event at
given time intervals, such as in the case of drug dosage administra-
tion, or as often as condition R is satisfied. Consider the example
in Fig. 3, where clock = 0 is satisfied only once, but nBac>1
and clock|10 may be true more than once. Furthermore, repe-
titions are limited by the value of count, a user-defined variable,
and only at times divisible by 10.

when (clock = 0) run[count:1] Bac1 . . .Bacn AmA1 . . .AmAk;

when (nBac>1∧count ≤ 6 ∧ clock|10)
run[count:1] AmA1 . . .AmAk;

Figure 3: Antimicrobial agents are added up to 6 times while
there are bacteria in the system and periodically when the
clock is divisible by 10.

C;C represents a sequence of commands, and skip is the do
nothing command to halt execution.

The language describing the entities behavior is a π-calculus in
which we have a non-deterministic and a probabilistic choice, in-
spired by the calculi introduced in [7], [6], and [13].

We assume a set of channel names, denoted by a, b, a set of vari-
ables, denoted by x, y, and constants for real numbers, denoted by
c, with subscripts or superscripts, if needed. The empty process
is 0. By X(v) we denote an instance of the entity defined by X .
The process P | Q is the parallel composition of processes P and
Q. By (νan,rad).P we define the channel name a with two pa-
rameters n and rad∈ R≥0. The radius is the maximum distance

between processes in order to communicate through channel a; n
determines how long it takes for two processes to react given that
they are close enough to communicate.

The heterogeneous choice is denoted by M . Choices may have
reaction branches and movement branches. As we will see re-
actions are probabilistic whereas movement is non-deterministic.
The restricted choice, denoted by N , is a choice of prefixed pro-
cesses M with top level local channel definitions. The prefix π
denotes the action that the process π.P can perform. The prefix
delayp,n,U is a spontaneous and unilateral reaction of a single
process, where p ∈ (0, 1] represents a positive probability, n is the
time it takes for P to become available, and the superscript U spec-
ifies the changes of the state generated by the reaction. The prefix
!u denotes output, and the prefix ?u denotes input. Output on a
channel specifies an expression whose value will be sent, and input
on a channel specifies a variable, that will be bound to the value
received. Input and output prefixes, !u(v)U and ?u(x)p,U, have a
user defined update function U on state V . Moreover, the input pre-
fix has an associated probability p, whereas, the output one does
not. As in [7], we consider inputs as generating the action, and
output as reacting. The prefix mov moves processes in space ac-
cording to their diffusion rate (ω) (see below). As it is the case for
the other prefixes, mov has an update function U associated with it.
The superscript U is omitted, when there is no update of the state
associated with the action. We use standard syntactic abbreviations
such as π for π.0. The input prefix ?u(x) and the restriction νa_ are
binders, and they define the scope of the variable x and the channel
name a respectively.

Expressions may be channel names, variables, constants, and
variables x, y in the global state V .

We use E to range over environments of channel name declara-
tions. A channel name a appears at most once in E, so we consider
E up to permutations of channel declarations. The domain of E
(dom(E)) is the set of channel names declared in E.

D is a list of entity definitions. The entities appearing in W and
in C need to be specified in D. The domain of D (dom(D)) is the
set of entity names declared in D. An entity definition has the form
X(x) = Nξ,ω,σ , and it defines entity X , with formal parameter x,
to be the restricted choice N with geometry ξ, ω, σ, specifying a
movement space ξ, a step ω, and a shape σ. Multiple parameters
could be defined with the richer expression language of [5], which
includes tuples. The restricted choice N = ν1 . . . νn.M , where νi,
1 ≤ i ≤ n, is an abbreviation for νani,radi

i , describes the behavior
of X . The ai are the private channels of the entity. Entities whose
definition N has either delay or input branches are called reacting
entities. For a reacting entity, the sum of the probabilities on the
delay and input branches is equal to 1. The selection of one of the
choices is probabilistic, and it depends not only on the available
interactions with other processes, but also on the available space.
The movement space ξ is a shape containing the entity shape that
defines the limit of the possible movements of the entity, so that
X can move within ξ. The step ω ∈ R≥0 is the distance that X
can move in a unit of time, and it corresponds to the diffusion rate
of X; σ is the three-dimensional shape (sphere, cube, etc.) of X ,
having a barycentre. The movement space for the empty process 0
is everywhere, the global space, and its movement step is 0. Each
entity variable X can be defined at most once in D, and the only
free variable of N is x. The global state V also contains population
information of entities defined in D.

2.1 Example of BIOSCAPE
P modeling

A model of the interaction between bacteria and antimicrobial
agents, is given by the example program in Fig.4.



1. val orig=<1.0, 2.0, 3.0>

2. val bactArea=cuboid(100.0,100.0,100.0)@orig

3. val step=0.1

4. new kill@1,1.0

5. let Bac()@bactArea,step,sphere(1.0)=

6. do delay@0.5,5,[pH:k];(Bac()|Bac())

7. or ?kill()@0.5;BacDead()

8. or mov;Bac()

9. and BacDead()@bactArea,0.0,sphere(1.0)=

10. do delay@1.0,1;()

11. and AmA()@bactArea,step,sphere(0.5)=

12. do !kill();()

13. or mov;AmA()

14. when (clock = 0) run[count:1] Bac1 . . .Bacn AmA1 . . .AmAk;

15. when (nBac>1∧clock|10) run[count:1] AmA1 . . .AmAk;
Figure 4: BIOSCAPE

P model of bacteria–antimicrobial inter-
actions

Antimicrobial agents are represented by the entity AmA. To model
the the fact that bacteria, once they get in contact with AmA die, we
define two entities: Bac and BacDead, representing bacteria and
dead bacteria respectively. Both bacteria and antimicrobial agents
are confined in the area defined by the shape bactArea. More-
over, Bac and AmA move in this area with step=0.1, whereas a
BacDead does not move. The behavior of entities is defined by
the do statement on the right of the equal sing. The do or . . .
construct is the concrete syntax for the discriminated choice, also
semicolon is used instead of colon after the prefix.

We assume the existence of two global variables pH and count,
representing the pH of the media and the number of doses of an-
tibiotic delivered, respectively.

A bacterium, say Bac1, may divide and be replaced by two new
bacteria, Bac2, and Bac3, see line 6 of the code. The delay
prefix has associated a probability of 0.5 and the parameter 5 in-
dicates the duration of the reaction. This reaction updates pH by k,
representing the acidification of the system with bacterial growth
([pH:k]). Alternatively, in line 7, a bacterium may synchronize
on channel kill with an AmA entity, AmA1, in line 12 of the
code. Again the probability of this reaction is 0.5. The result of
this synchronization replaces Bac1 | AmA1 with a dead bacterium,
BacDead. This reaction, as specified by the definition of the chan-
nel in line 4, has duration 1, and may happen only if AmA1 and
Bac1 are closer than the radius of channel kill, i.e., 1.0. Line
8, says that a bacterium is subject to Brownian motion. This is sim-
ulated by moving bacteria the distance specified by step=0.1, at
every clock cycle. Observe that movement causes no change to the
global state, and it is not part of the probabilistic behavior. Line
10 specifies that a dead bacterium, BacDead, will disappear after
1 clock cycle with probability 1.0. This is its only possible action.
Line 11 defines an antimicrobial agent, AmA, which can either kill a
bacterium and disappear (line 12) in one clock cycle, or move (line
13). Lines 14 and 15 contain the simulation command, where each
conditional command increases the number of doses of antimicro-
bial agents by 1 ([count:1]).

3. OPERATIONAL SEMANTICS
A novel aspect of BIOSCAPE

P is the ability to describe complex
experiments, beyond specifying initial concentrations. The user de-

scribes an experiment by designing a simulation command C. See
Figs. 1 and 3 for examples. These new commands need to be eval-
uated at the beginning of simulation, and also during execution,
implying the need to interleave reaction simulation and command
execution. In order to achieve that, we propose a multi-level se-
mantics for BIOSCAPE

P . On the one hand, we have entities that
can react either by evolution (delay), or by interaction (send/receive
and proximity), and entities can also move (mov); we call this be-
havior Individual Level Semantics. On the other hand, the world
can evolve by events triggered by simulation commands altering
the world instantaneously, by adding entities, which we call World
Level Semantics. As we will see, the individual semantics modifies
the simulation clock, while the world level semantics might exe-
cute commands depending on the simulation clock without altering
it. However, except for the simulation clock, both the Individual
and the World Level semantics may modify the global state.

3.1 World Level Semantics
The execution of commands and the interleaving with individ-

ual and world semantics appear in Fig. 5. The main function is
SIM

E0
D

(V, F,C), which executes a simulation step. The function is
parametric on the definition of entities of the system, D, and the
set of global channels, E0. For the example of Fig. 4, D contains
the definition of the three entities Bac, BacDead, and AmA, and
E0 contains the declaration of channel kill. The inputs of the
function are: V , the global state of variables; F , the run-time con-
figuration, that shows the entities of the system. In the run-time
configuration, which is formally defined in Definition 3.6, we track
the evolution of entities and their locations in space over time; C,
the simulation command that needs to be re-evaluated at each step.
The output is the pair: “global state, run-time configuration”, re-
turned by the execution of the individual semantics INDSEMD on:
global state V ′ as modified by the evaluation of the simulation com-
mand, and run-time configuration F ′ obtained by placing in space
the entities in W which are added to the system by the execution of
the simulation command C.

The global channels in E0 and the definitions in D are needed to
run the individual semantics.
The function EVAL(V,C) returns a pair V ′,W , where W contains
the entities from conditional commands in C whose guards are sat-
isfied, and V ′ is obtained by applying the update functions of those
same conditional commands to V .

The function PLACE(W,F ) adds the entities in W to a run-time
configuration F . The entities in W will be positioned randomly in
the available space. The formal definition of this function is given
in Definition 3.9. The random positioning of entities in space is
like in BIOSCAPE[4], but unlike in BIOSCAPE

L[5], where entity
locations are programmable and therefore specified by the user.

INDSEMD(E, V, F ) will be defined in the next section.
We can now define a simulation.

DEFINITION 3.1 (SIMULATION). A simulation is a sequence

SIM
E0
D

(V0, F0, C) → SIM
E0
D

(V1, F1, C) → SIM
E0
D

(V2, F2, C) → · · ·
where SIM

E0
D

(Vi, Fi, C) = Vi+1, Fi+1. Finally, INIT(D,E0, V, C)
starts a simulation on the empty run-time configuration.

3.2 Individual Semantics
The individual semantics has three components. The first com-

ponent consists of entity reactions such as input/output interaction
and spontaneous delay. In the example of Fig. 4, Bac|AmA can
communicate with probability 0.5 through ?kill/!kill pro-
ducing BacDead. In doing so, the global state is automatically up-
dated, where nAmA and nBac are decremented by 1, and nBacDead



EVAL(V,skip) = V,0 (C.SKIP)

EVAL(V,when R runU X(v)) = if R(V ) (C.IFTR)

U ◦ V,X1(v1) | · · · | Xn(vn)

EVAL(V,when R runU X(v)) = V,0 if ¬R(V ) (C.IFFS)

EVAL(V,C;C′) = V ′′,W | W ′
(C.SEQ)

where EVAL(V,C) = V ′,W

and EVAL(V ′, C′) = V ′′,W ′

SIM
E0
D

(V, F,C) = INDSEMD(E0, V
′, F ′) (SIMSTEP)

where EVAL(V,C) = V ′,W

and PLACE(W,F ) = F ′

INIT(D,E0, V, C) = SIM
E0
D

(V,0, C) (START)

Figure 5: World Level Semantics

is incremented by 1. Bac can also evolve into Bac|Bac through
delay. In this step there is an implicit update where nBac is
incremented by 1, and an explicit update specified by the program-
mer, where pH is acidified by k. The second component consists
of movement. Entities located in space might be able to move.
In our example Bac and AmA move at the same speed determined
by step, but BacDead does not move. An AmA at location pt
is located a step away after executing mov. The third component
of the individual semantics is time. The clock advances one tic at
a time, and the timer on timed processes is decremented bringing
them closer to completion. At any given time there may be many
reactions available, and, because of the non-determinism of the sys-
tem, there are many ways to choose a maximal number of reactions
to execute. For instance, if the internal probabilistic choice of a
bacterium selects an input on channel kill, and there are 10 AmA,
we have 10 pairs of ?kill/!kill, and of these pairs more than
one in entities close enough to be able to react.

We call PRREACT(E, V, F ) the result of executing a maximal
number of available reactions in F, with global state V, and chan-
nels E. We also call PRMOVE(V, F ) the result of moving all entities
in F. Finally we call PRTIME(V, F ) the result of updating the clock
in V and updating the timer on all timed entities in F. The individ-
ual semantics consists of composing these three parallel operations:
INDSEMD(E, V, F ) = PRTIME(PRMOVE(PRREACT(E, V, F )))

Consider this example. A biologist is performing an experiment
in her lab where she is studying the effect of antibiotics on a pop-
ulation of bacteria. She sets up her experiment and in six hours
she needs to add a new dose of antibiotics. She sets up a timer
for six hours while her initial concentrations are reacting. The re-
actions of the initial concentrations during the initial six hours are
captured by process INDSEMD . In this example there are two condi-
tional commands, the first one satisfied only at time t0 where the
initial concentrations are set. The next conditional command is to
add the new dose of antibiotics when the timer rings. When the
timer rings, the condition time=t0 + 6hs becomes true, and it is
handled by rule SIM

E0
D , where the current agents, which may have

more or less bacteria than at initial time t0 and will most likely have
less antibiotic, are boosted with a new dose of antibiotics.

The rest of the section is devoted to the formalization of these
three components of the individual semantics. Fig. 6 defines when
two configurations are structurally equivalent; Fig 7 contains the
rules for one-step send/receive and delay reactions; Fig. 8 defines
one-step movement, and Fig. 11 formalizes the parallel reduction
relations PRREACT, PRMOVE, and PRTIME.

Unlike its predecessors: BIOSCAPE, Parallel BIOSCAPE, and
BIOSCAPE

L, our new language does not have stochastic reactions,
but a probabilistic choice of the actions that an entity may perform.
For reactions we specify the time taken to reach completion.The
other source of uncertainty is movement.

In order to combine the state modifications incurred during par-
allel reductions, we define state update composition as follows.

DEFINITION 3.2 (COMPOSITION OF UPDATES).

(i) Let U1 and U2 be state updates, U1

⊕
U2 is defined by:

• U1

⊕
U2(x) = U1(x)+U2(x) if x ∈ dom(U1)∩dom(U2),

• U1

⊕
U2(x) = Ui(x) if x ∈ dom(Ui) (1 ≤ i ≤ 2), and

• U1

⊕
U2(x) undefined if x �∈ dom(U1) ∪ dom(U2).

(ii)
⊕m

i=1 Ui = U1 ⊕ · · · ⊕ Um

Commutativity and associativity of updates can be derived from
commutativity and associativity of addition on Z. So we have the
following Lemma.

LEMMA 3.3 (COMMUTATIVITY OF UPDATE). Let p be a per-
mutation over {1 · · ·n},

⊕m
i=1 Ui =

⊕m
i=1 Up(i).

Notice that a user defined update function U can never update the
experimental clock. Simulation steps are the only way to update
clock (See rule PR.TIME in Fig. 11). Each conditional command
and each delay, mov, and input/output prefix has an update func-
tion U associated with it. The update is meant to happen when the
prefix gets evaluated.

S.LOC

P ≡ Q

{P}μ ≡ {Q}μ
S.LOC.NU

(νan,rad).{P}μ ≡ {(νan,rad).P}μ
S.LOC.PAR

μ1(shape(P )) ∪ μ2(shape(Q)) = μ(shape(P | Q))

{P}μ1 | {Q}μ2 ≡ {P | Q}μ
S.NU.COM

(νan,rad).(νbn
′,rad′).A ≡ (νbn

′,rad′).(νan,rad).A

S.NU.PAR

a �∈ fn(B)

((νan,rad).A) | B ≡ (νan,rad).(A | B)
Figure 6: Structural Equivalence of Spatial Configurations

To define the run-time configuration of the system we start by
adding to the description of entities of the system, an abstract no-
tion of positioning into space. To this extent we use the map μ, to
denote barycentre, orientation, and (possible) resizing of the shape
of entities. Spatial configurations are defined as follows.

DEFINITION 3.4 (SPATIAL CONFIGURATIONS). Spatial con-
figurations, denoted by A, B, . . . are defined as follows:

A,B ::= {P}μ | A | B | (νan,rad).A

Processes in space may share communication channels.
Entity instances, {X(v)}μ, are called located entities. The vol-

ume occupied by a parallel composition of entities, is derived from
the shape of its individual components, as follows.



RR.DELAY

X(x) = (ν1. . . . νn.(delay
p,n,U.P [+ M ]))ξ,ω,σ ∈ D

ps = f(p, S[{X(v)}μ])
E � V, S[{X(v)}μ] ps,n−−−→ U ◦ V, S[ν1. . . . νn.{P [v/x]}μ]

RR.COM

Y (y) = (ν′
1. . . . ν

′
m.(!a(v)U1 .P [+ M ]))ξ

′,ω′,σ′ ∈ D
X(x) = (ν1. . . . νn.(?a(z)

p,U2 .Q [+ N ]))ξ,ω,σ ∈ D
dis(μ(σ), μ′(σ′)) ≤ rad

ps = f(p, S[{X(vx)}μ | {Y (vy)}μ′ ])

E, an,rad � V, S[{X(vx)}μ |{Y (vy)}μ′ ]
ps,n−−−→(U1

⊕
U2) ◦ V,

S[ν1. . . . νn.{Q[vx/x][v/z]}μ |ν′
1. . . . ν

′
m.{P [vy/y]}μ′ ]

RR.STR

A ≡ A′ E � V,A′ p,n−−→ V ′, B′ B′ ≡ B

E � V,A
p,n−−→ V ′, B

Figure 7: Reaction Relation

MR.MOVE

μ′ = translate(ω, μ) μ′(σ) ⊆ ξ
X(x) = (ν1. . . . νn.(mov

U.P [+ M ]))ξ,ω,σ ∈ D

V, {X(v)}μ −→ U ◦ V , ν1. . . . νn.{P [v/x]}μ′

MR.STR

A ≡ A′ V,A′ −→ V ′, B′ B′ ≡ B

V,A −→ V ′, B
Figure 8: Motion Relation

DEFINITION 3.5 (SHAPE).

shape(0) = ∅
shape(X(v)) = σ if X(x) = Mξ,ω,σ ∈ D
shape((νan,rad).P ) = shape(P )
shape(P | Q) = shape(P ) � shape(Q)

where � gives a shape obtained by composing two shapes trough
juxtaposition. For different applications we can choose suitable
functions to realize �, we only require � to be a commutative and
associative operator, i.e. σ1 �σ2 = σ2 �σ1 and (σ1 �σ2)�σ3 =
σ1 � (σ2 � σ3).

μ(shape(P )) denotes the space, that is the set of points, occu-
pied by a process P in the global coordinate system.

Structural equivalence on spatial configurations is defined in Fig. 6,
omitting the rules for associativity and commutativity of | and +.
Rule S.LOC uses the standard structural equivalence of Pi-calculus
processes. We assume that structural equivalence on spatial con-
figurations is also such that parallel composition is commutative,
associative, and has neutral element {0}μ for any μ. The premise
of rule S.LOC.PAR assures that the two equivalent processes occupy
exactly the same space. In rule S.NU.PAR, fn is a function that re-
turns the set of free channel names of a configuration.

The (parallel) operational semantics of BIOSCAPE
P is based

on two underlying reduction relations: a reaction relation, E �
V,A

p,n−−→ V ′, B, for reactions such as synchronization and delay,
defined in Fig. 7, and a motion relation, V,A −→ V ′, B, for geo-
metric transformations, in our case movements, defined in Fig. 8.
Notice that reduction axioms (RR.DELAY, RR.COM, MR.MOVE) only in-
volve entities (X(v)), and entities evolve according to one of the
choices in their definition.

Figure 9: Probabilities and 3D Space

Fig. 7 defines the reaction reduction relation of BIOSCAPE
P ,

E � V,A
p,n−−→ V ′, B, where p is the probability of the reduc-

tion and n is the duration of the communication or delay. We
write dis(μ(σ), μ′(σ′)) for the distance between the shapes, σ,
and σ′, positioned in the global frame by μ, and μ′. The poten-
tial overhead of computing the distance between entities in order to
establish if they can react could be mitigated by partitioning enti-
ties in groups based on their location. In rule RR.COM the condition
dis(μ(σ), μ′(σ′)) ≤ rad ensures that located entities {X(vx)}μ
and {Y (vy)}μ′ are close enough to communicate through channel
a.

In rules RR.DELAY, and RR.COM, S[_] denotes a spatial context
containing the parallel composition of entities that, given the posi-
tion of the located entity {X(_)}μ, may react with it. This context
is used to identify such entities, and, as in [7], normalize the prob-
abilities.

Fig. 9 helps us understand probabilistic choice in a 3D environ-
ment. Assume that AmA and Bac are as in Fig. 4, in particular,
observe that Bac can either be killed by an antimicrobial agent or
divide into two. In Fig. 9(a), since there are a Bac and an AmA
close enough to react, Bac can either be killed with probability
p, or divide, with probability 1-p. However, in Fig. 9(b), there is
only one possible evolution for Bac, and therefore, its probabil-
ity is 1. Instead, if there were two AmA’s close enough to interact
with Bac, the probability of dividing would be 1-2p. This simple
example highlights the fact that probabilities are balanced accord-
ing to the available reactions in the current configuration. To this
extent, when executing reactions with RR.DELAY and RR.COM, we re-
compute using the function f the probability of the reaction, taking
into account the original probability p, and the entities surrounding
the reacting entity {X(_)}μ.

The motion reduction relation of BIOSCAPE
P , V,A −→ V ′, B,

is defined in Fig. 8. By translate(ω,μ) we denote the function
that randomly generates a new map μ′, using the movement step ω
and the old map μ. The condition μ′(σ) ⊆ ξ of rule MR.MOVE en-
sures the new located process {P [v/x]}μ′ is within the movement
space ξ of X .

Since reductions may have different durations, we use timed con-
figurations, {{A}}n, meaning that, after a time n, this configuration
will be the located process A as in [3].

DEFINITION 3.6 (SPATIO-TEMPORAL CONFIGURATIONS).

F,G ::= A | {{A}}n | F | G | (νan,rad).F (n ≥ 0)



We extend structural equivalence to timed configurations in Fig. 10.

S.TI

A ≡ B

{{A}}n ≡ {{B}}n
S.TI.ZERO

{{A}}0 ≡ A
Figure 10: Structural Equivalence of Timed Configurations

BIOSCAPE
P has been designed to be executed in a distributed

environment. For this purpose, in the following we formalize a
parallel semantics for the language. To define the parallel reduc-
tions, PRREACT, PRMOVE, and PRTIME, where more than one redex
is reduced in a single step. we introduce multi-hole contexts C by
C ::= F | [ ] | C | C | (νxn,rad).C

Congruence on multi-hole contexts is naturally induced by the
congruence on configuration, associativity and commutativity of
the parallel operator, and standard rules for ν restrictions similar
to S.NU.COM and S.NU.PAR. Given this congruence any multi-hole
context, C, may be written in a canonical form. That is, there is
C′, C ≡ C′ such that C′ = ν1. . . . νn.F1 | · · · | Fm | [ ] | · · · | [ ]
and for all j, 1 ≤ j ≤ m, Fj = {{A}}m for some A, and m,

or Fj = {X(v)}μ for some P , and μ. We say that an1,rad1
1 , . . .,

anm,radm
m is restr(C). In the following we assume that multi-hole

contexts are always in canonical form.
Our reduction strategy avoids spatial clashes. In particular for

moving reductions we have to ensure that moves and reshaping are
compatible with the available space, that is after moving no entity
overlaps another entity. For reaction reductions we have to assure
that the created entities have their space. To this aim we define
the space of a configuration, and a predicate that says whether a
configuration does not have any overlapping entities.

DEFINITION 3.7 (SPACE). Let space(F ) be a function on
configuration F that returns the space occupied by its processes
located in the global frame defined as follows.

space({P}μ) = μ(shape(P ))
space({{A}}n) = space(A)
space(F | G) = space(F ) ∪ space(G)
space((νan,rad).F ) = space(F )

We say that a configuration F is ok if no two entities in F overlap.

DEFINITION 3.8 (ok CONFIGURATION).

{P}μ ok

If A ok then {{A}}n ok

If F ok then (νxn,rad).F ok

If F ok, G ok, and space(F ) ∩ space(G) = ∅ then F | G ok

DEFINITION 3.9. Given a configuration F , and a world W , de-
fine, PLACE(W,F ) by:

• PLACE(0, F ) = F ,

• PLACE(X(v) | W,F ) = F ′ | {X(v)}μ, where PLACE(W,F ) =
F ′, and the map μ is randomly generated such that F ′ |
{X(v)}μ is ok.

LEMMA 3.10. For all W , if F is ok and F ′ = PLACE(W,F ),
then F ′ is ok.

Using the notion of ok configuration we define two notions of
well-formedness of configurations. The first to be used for parallel

reaction reductions and the second for parallel move reductions.
We say that a configuration obtained by a set of parallel moves is
okmv if it is ok and any “extra” movement would produce a clash,
i.e. a configuration where some entities occupy the same space.
Similarly we say that a configuration obtained by a set of reaction
transformations is okr if it is ok and any “extra” transformation
would produce a clash.

PR.REACT

E, restr(C) �V, Si[Ai]
pi,ni−−−→(Ui ◦ V ), Si[Bi] 1 ≤ i ≤ m

C[S1[B1]] · · · [Sm[Bm]] okr

E �V,C[S1[A1]] · · · [Sm[Am]]

���
m⊕

i=1

Ui ◦ V ,C[S1[{{B1}}n1 ] · · ·Sm[{{Bm}}nm ]]

PR.MOVE

V, Fi −→ Vi, Gi Vi = Ui ◦ V (1 ≤ i ≤ m)
C[G1] · · · [Gp] okmv

V,C[F1] · · · [Fp]�
m⊕

i=1

Ui ◦ V ,C[G1] · · · [Gp]

PR.TIME

C does not contain timed configurations

V,C[{{A1}}n1 ] · · · [{{Ap}}np ]
� [clock : 1] ◦ V ,C[{{A1}}n1−1] · · · [{{Ap}}np−1]

PR.INDSEM

E �V, F ��� V1, F1 � V2, F2 � V ′, F ′

E �V, F D−→ V ′, F ′

Figure 11: Parallel Reduction Relation

We are now able to explain our parallel reduction strategy, whose
rules are given in Fig. 11. The first three rules deal respectively
with parallel reaction, motion, and timed reductions, while the fourth
rule maps configurations into configurations by first reducing a
maximal number of reactions, then reducing all movements, and
finally updating the simulation clock and all timed entities.

The condition of obtaining an okmv extended configuration in
rule PR.MOVE assures that all possible moves in C[F1] · · · [Fp] which
do not cause a clash have been reduced. Similar effect is produced
by the conditions that the extended configuration is okr . Finally
the fact that in PR.TIME the context does not contain timed config-
urations says that we have decreased the counter of all the timed
entities.

LEMMA 3.11. Given entity definitions D, channel declarations
E, global state V , and run-time configuration F . If F is ok and
E � V, F

D−→ V ′, F ′, then F ′ is ok.

THEOREM 1. Let SIM
E0
D

(V, F,C) = V ′, F ′. If F is ok, then F ′

is ok.
PROOF. Let F1 = PLACE(W,F ), where EVAL(V,C) = V1,W

for some V1. From the fact that F is ok and Lemma 3.10 we have

that F1 is ok. Let V ′, F ′ be such that E0 � V1, F1
D−→ V ′, F ′,

from Lemma 3.11, we have that F ′ is ok, which from definition of
SIM

E0
D in Fig. 5 proves the result.

Given a BIOSCAPE
P model of an experiment, let E0 be the dec-

laration of channel common to all the entities, D be the entities
definition, C the simulation command, and V0 the set of initial val-
ues of global variables. Since the initial configuration of the system
0 is ok, we derive that at each step of the simulation we have ok
configurations.



Figure 12: Example of two level operational semantics

3.3 Example of operational semantics
In Fig. 12 we show graphically an execution of the program

in Fig. 4. We assume that C1 is the command in line 14 with
n = k = 3; C2 is the command in line 15 with k = 3; V0

is the initial global state in which, the variables clock, nBac,
nAmA, nBacDead, and count have value 0 and pH 7; E0, the
global channels declaration is kill1,1.0. The simulation starts
with SIM

E0
D

(V0,0, C1;C2). Since in V0 the predicate of C1 is true
and the one of C2 is false, we have EVAL(V0, C1;C2) = V1,W ,
where W = Bac | Bac | Bac | AmA | AmA | AmA, V1 =
[count:1] ◦ V0, and PLACE(W,0) = F1, where F1 is {Bac}c1 |
{AmA}d3 | {Bac}c2 | {AmA}d1 | {Bac}c3 | {AmA}d2. The left-
most frame of Fig. 12 shows the runtime configuration F1, and
the global state V1, which are the configuration and state after the
execution of the world semantics, and before the execution of the
individual semantics.
The following frame shows the result of the execution of the in-

dividual semantics INDSEMD(E0, V1, F1) that is: E0 �V1, F2
D−→

V2, F2. We now describe how this is obtained.
Applying rule RR.COM with S = [ ] we have

E0 � V1, S[{Bac}c1 | {AmA}d3] 0.5,1−−−→ V1, S[A1], and

E0 � V1, S[{Bac}c2 | {AmA}d1] 0.5,1−−−→ V1, S[A2], where A1 =
{BacDead}c1 | {0}d3, and A2 = {BacDead}c2 | {0}d1, whereas
applying rule RR.DELAY with S′ = {AmA}d2 we have

E0 � V1, S
′[{Bac}c3] 0.5,5−−−→ [pH:k] ◦ V1, S

′[A3],
where A3 = {Bac}c4 | {Bac}c5.

Therefore, with the parallel rule PR.REACT we get

E0 � V1, F1 ��� [pH:k]◦V1, {{A1}}1 | {{A2}}1 | {{A3}}5 | {AmA}d2
The parallel rule PR.MOVE, applies rule MR.MOVE only to {AmA}d2
which is the only entity not timed. Therefore, we have

V ′
1 , F

′
1 � V ′

1 , {{A1}}1 | {{A2}}1 | {{A3}}4 | {AmA}d4

where V ′
1 , and F ′

1 are the state and configuration produced by PR.REACT.
Finally, rule PR.TIME updates the clock and reduces the step that
need to be done to complete the reactions:

V ′
1 , F

′
2 � [clock:1] ◦ V ′

1 , {{A1}}0 | {{A2}}0 | {{A3}}4 | {AmA}d4
Therefore [clock:1] ◦ V ′

1 is V2 of Fig. 12, and the picture repre-
sents F2 which is

{BacDead}c1 | {BacDead}c2 | {{{Bac}c4 | {Bac}c5}}4 | {AmA}d4
In the following clock cycle, both {BacDead}c1, and {BacDead}c2
will become 0, and after four cycles {{{Bac}c4 | {Bac}c5}}4 will
become {{{Bac}c4 | {Bac}c5}}0 which is congruent to {Bac}c4 |
{Bac}c5. This is shown in frame F3.

In the subsequent frames we show a possible evolution of the
experiment in which {Bac}c4, and {Bac}c5 divide. Note that,
whereas {Bac}c4 divide with probability 0.5, since there is {AmA}d4
with which it could react, {Bac}c5 divide with probability 1, since
there are not AmA’s in its spatial context with which it could react.
Till the penultimate frame the conditions of both commands C1 and
C2 are false so there is no addition of entities. When clock = 10,
since the number of Bac is greater than 0, the condition of com-
mand C2 is true, so three new AmA are added, placed randomly in
the space and the global variable count is updated by adding one.
The result of the execution is shown in frame F5. Finally, frame
F6 shows another possible evolution of the system, in which some
of the bacteria react with the AmA agents, and others divide. The
spatial contexts will partition the entities and the probability of the
reactions will be recomputed accordingly. In particular, for the re-
action of B3.2.2 and Am4 the spatial context is [ ], so the probability
of this reaction versus the division of B3.2.2 is 0.5; for the division
of B3.2.1 the spatial context is Am5, so the probability is 0.5; for the
reaction of B3.1.1 and Am6 the spatial context is [ ], and the proba-
bility is again 0.5, and for the division of B3.1.2, assuming that Am2
is not close enough to react, the spatial context is [ ], and so the



probability is 1.0.

4. CONCLUSIONS AND RELATED WORK
BIOSCAPE [4] extends Priami’s Stochastic Pi Calculus [10] with

high-level primitives to describe stochastic processes in 3D space
and introduces an abstract notion of movement to capture Brownian
motion. BIOSCAPE was designed to program biological and bio-
material processes and their interactions. In BIOSCAPE, the pro-
grammer specifies entities at a higher level, unlike 3π [2], where
the programmer has to specify spatial behavior using affine trans-
formations. Compared with biological DSL, such as Cell Mod-
eler [11], and GRO [8], in BIOSCAPE we can program a wider set
of application. For instance, in BIOSCAPE

L [5], by introducing
the notion of programmable locations, complex structures such as
polymers, oligomers and complexes in 3D space can be modeled.
Earlier work [3], defined a parallel semantics for BIOSCAPE, mo-
tivated by the desire to take advantage of the new multi-core and
GPU architectures needed. The previous BIOSCAPE languages
are based on a Markovian semantics using Gillespie’s stochastic
simulation algorithm. In contrast, our new probabilistic language,
BIOSCAPE

P , takes full advantage of the three dimensional space
by having a random move operation, and reaction on proximity.
Instead of using reaction rates and populations to stochastically se-
lect reactions, it uses probabilities to choose among all possible
reactions for each entity at any given time, and rebalancing prob-
abilities as needed. The probabilistic branching is inspired by the
Probabilistic Asynchronous π-Calculus [7]. We believe that this
approach is more suitable in a distributed execution environment,
since every computation unit could keep a set of spatially close en-
tities, and communication between computational units could be
limited to migration of entities through movement.

BIOSCAPE
P has been designed with a scalable semantics suit-

able for distributed computation. The commutativity of state up-
date enables a parallel semantics and a multicore implementation
where each parallel process can independently update the global
state (Lemma 3.3 and Fig. 11). An implementation would take ad-
vantage of discrete event simulation queues to model updates of
timed entities, so that instead of updating timers at each clock tick,
entities will be released at the corresponding time.

A novel feature of BIOSCAPE
P is the when-run state depen-

dent command. This new conditional command depends on a global
state that includes the simulation clock, population of entities, and
user defined variables. Execution of a command may introduce
new entities in the system, thereby changing its topology. To the
best of our knowledge, BIOSCAPE

P is the first modeling language
with commands dependent on used defined global state.

In Bio-PEPA[1], the Heaviside function is used to switch a re-
actions on and off by periodically alternating its rate between 0
and non-zero. This is in contrast with our case, where instead of
changing reaction rates, we add new agents to the system when a
predicate is satisfied. Although Bio-PEPA does have access to a
population information and the simulation clock, it can enable or
disable reactions, and it can stochastically approximate our state-
dependent conditional commands without capturing its determinis-
tic behavior.

FM-Sim [12] is a Markovian domain-specific simulator for defin-
ing and simulating fluorescence microscopy assays. In FM-Sim,
the user can define its experimental protocol in terms of scheduling
events dependent on a global state. This dependence on state, en-
ables the dynamically modification of reaction rates, in contrast to
BIOSCAPE

P , where state dependency enables the infusion of new
entities into the run-time system. To justify the consistency of the
system, we define a notion of well-formed configuration (ok), and

we show that our multi-level semantics preserves well-formedness.
To the best of our knowledge, BIOSCAPE

P is the first process
algebra that captures the complexity of wet-lab experimentation
by allowing the execution of conditional events while representing
agent-level reactions.

Future work includes the implementation of a simulation tool
for BIOSCAPE

P , and considering the possibility of using existing
probabilistic model checkers, such as PRISM [9], to prove proper-
ties of the modeled system.
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