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Public server running web app with MP2 editor, trace generator, and trace 
graph visualization is available at http://firebird.nps.edu/	  	   
 
Material	  contained	  herein	  is	  made	  available	  for	  the	  purpose	  of	  peer	  review	  and	  discussion	  and	  does	  
not	  necessarily	  reflect	  the	  views	  of	  the	  Department	  of	  the	  Navy	  or	  the	  Department	  of	  Defense. 

 
 

The following is a draft document for MP2 beta-testers.  
MP2 is still a work in progress. 

 
Not yet implemented MP2 constructs are highlighted in red. 
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1. INTRODUCTION 
 

Monterey Phoenix (MP) is a framework for software system architecture and business process 
(workflow) specification based on behavior models [Auguston, 2009a, 2009b, 2014].  Architecture	  
plays	   a	   role	   as	   a	   bridge	   between	   requirements	   and	   implementation	   of	   a	   system,	   and	   represents	   a	  
stepwise	   refinement	   in	   the	  design	  process	  with	   specific	   objectives	   and	   stakeholders.	  Business process 
often represents a part of the system’s requirements, and interactions between the software and its 
environment is an integral part of architecture specification.  

Software design involves finding an algorithm for solving the problem at hand and mapping it on the 
appropriate computational platform. An algorithm commonly is specified as a behavior applying a 
step-by-step procedure to solve the problem at hand. An architecture description belongs to a high 
level of abstraction, ignoring many of the algorithm implementation and data structure details. 

Behavior modeling is at the core of MP approach. In common architecture models the main elements 
are components (representing the functionality), and connectors (representing the information flow 
between components). In MP the main concepts are activities and coordination between activities, 
based on the following principles.  

• A view of the architecture as a high level description of possible system behaviors, emphasizing 
the behavior of subsystems (components) and interactions between subsystems. MP introduces the 
concept of event as an abstraction of activity. 

• The separation of the interaction description from the components behavior is an essential MP 
feature. It provides for a high level of abstraction and supports the reuse of architectural models. 
Interactions between activities are modeled using event coordination constructs. 

• The environment’s behavior is an integral part of the system architecture model. MP provides a 
uniform method for modeling behaviors of the software, hardware, business processes, and other 
parts of the system.  

• The event grammar models the behavior as a set of events (event trace) with two basic relations, 
where the PRECEDES relation captures the dependency abstraction, and the IN relation represents 
the hierarchical relationship. Since the event trace is a set, additional constraints can be specified 
using set-theoretical operations and predicate logic.  

• The MP architecture description is amenable to deriving multiple views, and provides a uniform 
basis for specifying structural and behavioral aspects of a system. 

• MP supports automated and exhaustive (for a given scope) scenario generation for early system 
architecture verification. The Small Scope Hypothesis [Jackson 2006] states that most flaws in 
models could be demonstrated on relatively small counterexamples.  

• MP framework can assist in unifying UML activity and sequence diagrams, statechart notations, 
and the recent Executable UML Alf language [OMG 2010] for behavior specification. MP can be 
used as an addition to the existing architecture definition tools and methodologies. 

MP is intended for the use of lightweight Formal Methods in software and system architecture design 
and maintenance. It provides an ecosystem for sanity checking tools, reusable architecture patterns, 
reusable assertions, queries, and tools for extracting architecture views. 
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3. BEHAVIOR MODELS IN MP 
	  
In a certain sense, the source code of a program is a compact description for a set of required 
behaviors. The source code in any programming language – a finite object by itself – specifies a 
potentially infinite number of execution paths. The behavior of the system is usually the main concern 
for the developer, and the presence of unintended behaviors manifests errors in the design. A system 
is operating in a certain environment, which has its own behavior and interacts with the system. The 
objective of the MP approach is to provide a framework for specifying behaviors of the system, its 
parts and its environment, and interactions between them. 
	  
3.1 Event concept  
The MP behavior model is based on the concept of event as an abstraction of activity. The event has a 
beginning and an end, and may have duration (a time interval during which the action is 
accomplished).  
 
The behavior of a system is modeled as a set of events with two binary relations defined for them: 
precedence (PRECEDES) and inclusion (IN) – the event trace. One action is required to precede 
another if there is a dependency between them, e.g. the Send event should precede the Receive event. 
Events may be nested, when a complex activity contains a set of other activities. Imposing one of 
these basic relations on a pair of events represents an important design decision. Usually system 
behavior does not require a total ordering of events. Both PRECEDES and IN are partial ordering 
relations. If two events are not ordered, they may overlap in time, in particular, they may occur 
concurrently. Chapter 7 provides axioms specifying the properties of basic relations. 
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3.2 Event grammar 
The structure of possible event traces is described by an event grammar. A grammar rule specifies 
structure for a particular event type (in terms of IN and PRECEDES relations) and has a form  
A:  pattern_list; 
where A is an event type name and pattern_list is composed from event patterns. Event types that do 
not appear in the left hand part of rules are considered atomic and may be refined later by adding 
corresponding rules.  
 
An instance of an event trace satisfying the grammar rule can be visualized as a directed graph with 
two types of edges (one for each of the basic relations). Events are visualized as boxes, and basic 
relations as arrows. Fig. 1 outlines the event patterns for use in the grammar rule’s right hand part. 
Here B, C, D stand for event type names or event patterns.  
 
Sequence denotes ordering of events under the PRECEDES relation. The grammar rule A: B C means 
that an event a of the type A contains ordered events b and c matching B and C, correspondingly, and 
relations b IN a, c IN a, and b PRECEDES c hold. A grammar rule may contain a sequence of several 
events, like A: B C D. 

	  
	  

Fig. 1. Event patterns and examples of event traces. 
	  
Pattern (+ B +) may be used to denote a sequence of one or more events B, and {+ B +} denotes a set 
of one or more events B. In all cases it is assumed that iterated event instances are unique. Event 
patterns may use iteration to describe repeated behavior patterns. An event grammar is a graph 
grammar for directed acyclic graphs of vertices (events) with edges representing relations IN and 
PRECEDES.  
 
An event trace represents an example of a particular execution of the system or a use case, especially 
if the behavior of the environment is included. Event traces can be effectively derived from the event 
grammar rules and then adjusted and filtered according to the composition operations and constraints 
in the schema. This justifies the term executable architecture model. For a given MP schema it is 
possible to obtain all valid event traces up to a certain limit. Usually such a limit (scope) is set as the 
upper limit on the number of iterations in grammar rules (recursion can be limited in a similar way, 
but current Firebird implementation does not allow explicit or implicit recursion in event grammar 
rules). For many purposes a modest limit of 3 iterations will be sufficient. This process of generating 
and inspecting event traces for the schema is similar to the traditional software testing process.  
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In the case of MP models it is possible to automatically generate all event traces within the given 
scope (exhaustive testing). Careful inspection of generated traces (scenarios/use cases) may help 
developers identify undesired behaviors. Usually it is easier to evaluate an example of behavior 
(particular event trace) than the generic description of all behaviors (the schema). The Small Scope 
Hypothesis [Jackson 2006] states that most errors can be demonstrated on relatively small 
counterexamples. 
 
Event grammar notation is conceptually close to the pseudo-code notation used in software design 
[Knuth, 1984].  MP architecture model can be refined up to the quite detailed design model. Event 
names can be considered as pseudo-code statements, and the imperative control structures can be 
modeled in MP as follows. 
 
Behavior of the conditional statement  
if Condition then Statement1 else Statement2  
can be modeled in MP with the event pattern 
	  
Check_Condition 
(  Condition_is_true  Perform_Statement1  |   

Condition_is_false  Perform_Statement2  ) 
	  
Behavior of the loop	  	  
while(Condition) do Loop_body	  	  
can be modeled with the event pattern 
	  
Check_Condition 
(* Condition_is_true   

Perform_Loop_body  
Check_Condition   *) 

Condition_is_false  

3.3  Behavior composition and architecture views 
The behavior of a particular system is specified as a set of possible event traces using a schema. The 
purpose is to define the structure of event traces in terms of IN and PRECEDES relations using event 
grammar rules and other constraints. A schema usually contains a collection of events called roots 
representing the behaviors of parts of the system (components and connectors in common architecture 
descriptions), composition operations specifying interactions between these behaviors, and additional 
constraints on behaviors.  
 
There is precisely one instance of each root event in a trace. A schema can contain auxiliary grammar 
rules defining composite event types used in other rules. In principle schema may define both finite 
and infinite traces, but most analysis tools for reasoning about a system’s behavior assume that a trace 
is finite. Only finite event traces are considered in current MP tools (including Firebird). 
 
The schema represents instances of behavior (event traces) in the same sense as Java source code 
represents instances of program execution. Just as a particular execution path can be extracted from a 
Java program’s source code by running it on a JVM, a particular event trace specified by MP schema 
can be derived from the event grammar rules by applying behavior composition operations and 
constraints. 
 
Example 1. Simple interaction pattern. 
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SCHEMA simple_message_flow 
ROOT  Task_A:  (* send *); 
ROOT  Task_B:  (* receive *); 
 
COORDINATE  $x: send   FROM Task_A,  
    $y: receive FROM Task_B  
 DO   
  ADD $x PRECEDES $y; 
 OD; 
 
The composition operation COORDINATE coordinates behaviors of two root events sending and 
receiving messages. This trace operation takes two root event traces and produces a modified event 
trace (merging behaviors of Task_A and Task_B) by adding the PRECEDES relation for the selected 
send and receive pairs. Essentially it is a loop performed over the structure of coordinated events, 
hence the DO - OD notation for the loop body. 
 
This synchronized COORDINATE composition uses event selection patterns to specify subsets of 
root traces that should be coordinated. The send pattern identifies the set of events selected from 
Task_A. Synchronized composition requires that events selected in each coordinated root trace are 
totally ordered (with respect to the transitive closure of PRECEDES), both selected event sets should 
have the same number of elements (send events from the first trace and receive events from the 
second), and the pair coordination follows this ordering (synchronous coordination), i.e. first send is 
paired with first receive, second with the second, and so on. MP variables $x and $y provide access to 
the pair of events matching the selection pattern within each iteration. The ADD operation completes 
the behavior adjustment, specifying additional PRECEDES relation for each pair of selected events. 
Behavior specified by this schema is a set of matching event traces for Task_A and Task_B with the 
modifications imposed by the composition. If any of selected event sets is not totally ordered, or the 
numbers of events in the selected event sets (coordination sources) are not equal, the synchronized 
coordination operation fails to produce a resulting trace. 
 
The selection pattern may be either an event type name (atomic or composite), or an alternative 
pattern composed of event type names (see Example 3).  
 
Fig. 2 (a) gives a sample of event trace satisfying the schema simple_message_flow. It resembles a 
UML sequence diagram’s “swim lanes”.   
 
Different views for different stakeholders can be extracted from MP schemas. For example, each root 
may be visualized as a box. If there is a composition operation specifying an interaction (or 
coordination) between root behaviors, the boxes are connected by an arrow marked by the interaction 
type as illustrated in Fig. 2 (b). The root behavior by itself may be visualized with UML Activity 
Diagram [Booch et al. 2000].  
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Fig. 2.    a) Example of a composed event trace for the simple_message_flow schema.     

b) An architecture view for the simple_message_flow schema. 
 

Another way of selecting event pairs is called asynchronous coordination. In this case the 
coordination source intended for asynchronous coordination should be marked with a symbol <!>. 
For example, 
 
COORDINATE <!>  $x: E1    FROM A,   
     $y: E2   FROM B  
 DO  ADD $x PRECEDES $y;  OD; 
 
Matching event sets from A and B should contain an equal number of selected events E1 and E2, 
correspondingly. Selected set of E1 may be totally ordered or not, selected set of E2 should be totally 
ordered, since the second coordination source is still synchronous. But now the resulting merged 
traces will include all permutations of events E1 from A paired with the same sequence of events E2 
from B, with the PRECEDES relation imposed on each selected pair. This assumes that other 
constraints, like the axioms from Sec. 7, are satisfied. Each permutation yields one potential instance 
of a resulting trace for the schema deploying this composition. Use of <!> may significantly increase 
the number of composed traces.  
 
The composition operation may be considered as an abstract interaction (interface) description for 
behaviors. The separation of the interaction description from the components behavior is an essential 
MP feature. The same component behavior may be reused with different interaction descriptions – a 
useful composition/reuse aspect. 
 
The COORDINATE operation supports a “cause-effect” refinement for the behavior of two 
components and it bears a certain similarity to Aspect-Oriented Programming (AOP) paradigm 
[Kiczales et al. 1997]. For example, the following AOP pattern could be modeled by MP schema 
where event coordination implements AOP join point and advice coordination. 
 
Suppose that the main stream of execution contains calls to methods M1 and M2 as join points, and 
the aspect behavior requires a call to Prolog before, and to Epilog after each method call as an advice. 
The corresponding MP model may look like the following. 
 
Example 2. Modeling Aspect-Oriented Paradigm. 
 
ROOT Main:    (* ( M1 | M2) *); 
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ROOT PreAdvice:   (* Prolog *); 
ROOT PostAdvice:  (* Epilog *); 
 
COORDINATE   $jp: ( M1 | M2 ) FROM  Main,  
     $a1: Prolog   FROM  PreAdvice, 
     $a2: Epilog    FROM  PostAdvice 

DO  ADD  $a1  PRECEDES  $jp,   
$jp  PRECEDES  $a2;   

OD; 
 
The COORDINATE operation may have multiple coordination sources (in a valid trace the number 
of selected events in each should be the same), and the same ADD operation may process several 
relations. 

3.4 Data items as behaviors 
Data items in MP are represented by actions (events) that may be performed on that data. This 
principle follows the Abstract Data Type (ADT) concept introduced in [Liskov, Zilles 1974]. 
 
Example 3. Data flow. 
 
SCHEMA Data_flow 
ROOT Process_1:  (*  work   write  *); 
ROOT Process_2:  (* ( read | work ) *); 
ROOT File:  (+ write +)  (* read *); 
 
Process_1, File   SHARE ALL  write; 
Process_2, File   SHARE ALL  read; 
 
The behavior of the File requires write events to be completed before any read events, and there 
should be at least one write event. The SHARE ALL composition operation ensures that the schema 
admits only event traces where corresponding event sharing is implemented.  

It is defined as following (here X, Y are root events, Z is an event type, and FROM is a transitive 
closure of IN).  

X, Y SHARE ALL  Z  ≡ { v: Z | v FROM X } = { w: Z | w FROM Y } 

Event sharing is yet another way of behavior coordination. It is assumed that shared events may 
appear in the root event at any level of nesting.  

The architecture view of this schema in Fig.3 (b) renders root interaction with a line where the shared 
event name is attached as a label. At the architectural level data items are inputs or outputs of 
activities and are modeled as operations that may be performed on them. This is simple and uniform 
concept.  
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Fig. 3. a) An example of composed event trace for the Data_flow schema.                     

b) An architecture view for the Data_flow schema. 

3.5 Behavior of the environment 
The following example demonstrates how to integrate the behavior models of an environment and a 
system that operates in this environment. The ATM_withdrawal schema specifies a set of possible 
interactions between the Customer, ATM_system, and Data_Base.  
	  
Example 4. Withdraw money from ATM. 
 
SCHEMA ATM_withdrawal 
ROOT Customer:  (*  insert_card   
      (  identification_succeeds  
             request_withdrawal  
            ( get_money | not_sufficient_funds )    | 
                       
       identification_fails            )       

*); 
 
ROOT ATM_system:  (*  read_card    

validate_id  
 

       (  id_successful   
check_balance  
(  sufficient_balance   

dispense_money   |     
  unsufficient_balance  )   |  

 
          id_failed        )     

*); 
 
COORDINATE  $x: insert_card  FROM Customer,  
    $y: read_card    FROM ATM_system  
   DO  ADD $x PRECEDES $y;   OD; 
 
COORDINATE  $x: request_withdrawal   FROM Customer,  
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          $y: check_balance     FROM ATM_system 
   DO   ADD $x PRECEDES $y;  OD; 
 
COORDINATE  $x: identification_succeeds   FROM Customer,  
     $y: id_successful         FROM ATM_system 
   DO   ADD $y PRECEDES $x;  OD; 
 
COORDINATE  $x: get_money     FROM Customer,  
    $y: dispense_money  FROM ATM_system 
   DO   ADD $y PRECEDES $x;  OD; 
 
COORDINATE  $x: not_sufficient_funds   FROM Customer,  
    $y: unsufficient_balance   FROM ATM_system 
   DO   ADD $y PRECEDES $x;  OD; 
 
COORDINATE  $x: identification_fails  FROM Customer,  
    $y: id_failed        FROM ATM_system 
   DO   ADD $y PRECEDES $x;  OD; 
 
ROOT Data_Base:  (*  validate_id [ check_balance ] *); 
/* the structure of Data_Base behavior follows the pattern of events validate_id and check_balance  

 in ATM_system, so that these two streams of events could be coordinated with SHARE ALL 
 for any scope */ 
 

Data_Base, ATM_system SHARE ALL validate_id, check_balance; 
	  

	  
Fig. 4. a) An example of event trace for the ATM_withdrawal schema.     

b) An architecture view for the ATM_withdrawal schema. 
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The view of the system’s behavior emphasizing the interaction between the parts (components) can 
be visualized as in Fig. 4, (b). An event trace generated from the schema can be considered as a use 
case example. The event trace on Fig. 4, (a) can be viewed also as an analog of UML sequence 
diagram’s “swim lanes” for Customer and ATM_system interactions.  

The concept of environment in an architecture model includes behavior of other systems, hardware, 
business processes, and any other behaviors, which are not part of the system under consideration, but 
may interact with it. In particular, this approach may be of use for analyzing emergent behaviors of 
System of Systems, when the model of SoS is composed from the models of its components. 

3.6 Context conditions with ENSURE  
The event trace is a set of events and the Boolean expression constructs in MP can embrace the 
traditional predicate calculus notation. A set of behaviors (event traces) may be defined by the event 
grammar rules, composition operations, and some additional constraints – ENSURE conditions. 
 
Example 5. Stack behavior. 
 
SCHEMA Stack_behavior 
ROOT Stack: (*  ( push | pop )  *) 

BUILD { ENSURE FOREACH $x: pop FROM Stack  
      ( #pop BEFORE $x < #push BEFORE $x );  

}; 
 
This rule specifies the behavior of a stack in terms of stack operations push and pop. The BUILD 
block associated with a root or composite event contains composition operations performed when 
event trace segment representing the behavior of that root or composite is generated. The ENSURE 
Boolean expression provides a condition that each valid trace should satisfy. The domain of the 
universal quantifier is the set of all pop events inside Stack. The FROM Stack part is optional, by 
default it is assumed to be FROM THIS. 
 
The function #pop BEFORE $x yields the number of pop events preceding $x. The set of valid 
event traces specified by this schema contains only traces that satisfy the constraint. This example 
presents a filtering operation as yet another kind of behavior composition, and demonstrates an 
example of combining imperative (event grammar) and declarative (Boolean expressions) constructs 
for behavior specification. 

3.7 Nested composition operations and queries 
The following example demonstrates some MP techniques for coordination and simple queries about 
trace properties. 
  
Example 6. Car race 
 
SCHEMA Car_Race 
 
/* root event Cars is a set of concurrent events, each modeling the behavior of a single Car; 

 there should be at least one Car in the car race  */ 
ROOT Cars: {+ Car +} 

/* following are context conditions local for the root Cars */ 
   BUILD{ 
   /* everybody who finishes drives the same number of laps */ 
   ENSURE FOREACH DISJ $c1: Car, $c2: Car  
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    (#finish FROM $c1 == 1 AND #finish FROM $c2 == 1 ->  
       #drive_lap FROM $c1 == #drive_lap FROM $c2) 
    AND 
    /* if it breaks, then earlier */ 
    (#finish FROM $c1 == 1 AND #break FROM $c2 == 1 ->  
       #drive_lap FROM $c1 >= #drive_lap FROM $c2); 
      
   /* there always will be at most one winner */ 
   ENSURE #winner <= 1; 
 
   /* if at least one car finishes, there should be a winner */ 
   ENSURE #finish > 0 -> #winner > 0; 
   }; 
 

/* composite event encapsulates the behavior of a single car */ 
Car: start  
  (* drive_lap *)  
    /* not every cars will finish, sometimes a car that finishes is also a winner */ 
  ( finish [ winner ] | break); 
     
ROOT Judge: provide_start_signal  
    watch  

/* Judge will monitor the finish events for Cars */  
    (* finish *); 
 
   /* one-many coordination can be achieved with nested COORDINATE */ 
COORDINATE $a: provide_start_signal FROM Judge 
 

/* start events are located in the concurrent Car threads, we need asynchronous coordination here */ 
DO COORDINATE  <!> $b: start FROM Cars 

    DO ADD $a PRECEDES $b; OD; 
 OD; 
  
/* ordering of finish events in concurrent Car threads can be modeled by coordinating them 

 with finish event sequence in Judge root */ 
Cars, Judge SHARE ALL finish; 
 
/* now, when the ordering of finish events is ensured, we can specify another constraint: 

 the winner is the car, that finishes first */ 
COORDINATE $w: winner 
   DO ENSURE #finish BEFORE $w == 1; OD; 
 
/* this is an example of a query annotating the trace with data specific for the trace */ 
SAY("In this race " #finish " cars have finished"); 

3.8 Threads with SUCH THAT condition 
 
Example 7. Publish/Subscribe architecture model. 
 
SCHEMA Publish_Subscribe 
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/* we need nested iterations to provide enough events for coordination at any scope */ 
ROOT Publisher: (* (* ( Register | Send | Unsubscribe ) *) *); 
     
ROOT Subscribers:  {* Client *}; 
 
Client: Register (* Receive *) Unsubscribe; 
 
/* The ordering of composition operations is important, since Register and Unsubscribe events are 
used to coordinate Send/Receive between both root events. First, we do the SHARE ALL, and then 
proceed with further coordination, using the shared Register and Unsubscribe to coordinate Send 
events for each Client  */ 
 
Publisher, Subscribers SHARE ALL Register, Unsubscribe; 
 
COORDINATE <!> $client: Client  FROM Subscribers 
    /* need to coordinate Send/Receive for each Client  */ 
DO COORDINATE   $reg: Register     FROM $client, 
                $uns: Unsubscribe  FROM $client 
   DO COORDINATE  $r: Receive FROM $client, 
                  $s: Send    FROM Publisher 
                        SUCH THAT $s AFTER $reg AND $s BEFORE $uns 
            /* Register and Unsubscribe events have been shared and now can be used 

 to select appropriate Receive and  Send events for coordination */ 
            DO ADD $s PRECEDES $r; OD; 
   OD; 
 OD; 

3.9 Assertion checking  
 
MP models need to be tested and debugged like any other programming artifacts. Trace generation 
for a given scope (usually up to scope 3) yields exhaustive set of valid event traces. Browsing these 
traces may result in finding examples of behavior that are unwanted. Then we should fix the issue in 
the MP code, and run the trace generation again, until our expectations are satisfied. Browsing dozens 
or hundreds of event traces may be time consuming and error prone. The CHECK construct makes it 
possible to use automated trace monitoring. If the property (Boolean expression in the CHECK) is not 
satisfied, the trace will be marked and available for further inspection. This can significantly speed up 
the testing process. Of course, if the property should always hold, it makes sense to convert it into the 
ENSURE condition. 
 
Example 8. Communicating via unreliable channel. 
 
SCHEMA AtoB 
ROOT TaskA:  (*  A_sends_request_to_B 
        (  A_receives_data_from_B    |   

A_timeout_waiting_from_B   )    
*);  
 

ROOT Connector_A_to_B:   
(*  A_sends_request_to_B 

   (  B_receives_request_from_A 
B_sends_data_to_A 
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(  A_receives_data_from_B   |  
A_timeout_waiting_from_B  )    | 

    A_timeout_waiting_from_B       )   
       *);     
/* A_timeout_waiting_from_B may happen because Connector_A_to_B fails to pass a message  

 from A to B, or from B to A */ 
 
TaskA, Connector_A_to_B SHARE ALL  A_sends_request_to_B, 
            A_timeout_waiting_from_B,  
           A_receives_data_from_B ; 
 
ROOT TaskB:  (*  B_receives_request_from_A    

B_sends_data_to_A  
*); 

 
TaskB, Connector_A_to_B SHARE ALL  B_receives_request_from_A, 
             B_sends_data_to_A ; 
 

/* assertion checking will mark examples of traces where TaskA does not receive 
 the requested data and will attach a message to the trace */ 

CHECK  #A_sends_request_to_B   FROM TaskA ==  
#A_receives_data_from_B  FROM TaskA  

ONFAIL SAY("loss of reception detected");  

3.10 Trace annotation techniques 
Assertion checking with the CHECK clause may be the simplest and most common tool for finding 
counterexamples of traces, which violate some property.  Traces violating the CHECK condition are 
marked, and the message provides some hint about the cause. The message is associated with the root, 
composite, or the whole schema, and further details may require browsing of the corresponding trace 
segment. The following example demonstrates how to make messages more specific and focused.  
 
Let’s consider again the Stack model, but this time without the ENSURE constraint. This Stack 
certainly will produce unwanted behaviors.  The MP code illustrates how to pinpoint events that 
might be violating certain property, and how to annotate these particular events in the trace with 
additional messages. Programmers will recognize the use of debugging print statements for traditional 
program testing/debugging. 
 
Example 9. Testing/Debugging model’s behavior. 
 
SCHEMA Unconstrained_Stack 
 
ROOT Stack: (*  ( push | pop [ bang ])  *) 

/* bang event models the Stack underflow event  */ 
BUILD { 
 /* by default the domain for event selection is FROM THIS */ 
 
 ENSURE FOREACH $b: bang 
  /* pop associated with the bang event does not affect Stack contents, 

hence only successful pop events count   */ 
  (#pop BEFORE $b - #bang BEFORE $b) > #push BEFORE $b; 
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 COORDINATE $b: bang 
  /* pick up pop event immediately preceding bang */ 

DO COORDINATE $x: pop SUCH THAT $x PRECEDES $b 
DO  

ADD SAY("This event tries to pop empty Stack") 
  PRECEDES $x; 

     MARK; 
OD; 

  OD;  
}; 

 
Now traces where Stack behavior is incorrect will be MARKed and corresponding pop events will be 
pointed to by PRECEDES arrow leading from the message box associated with this event.  Note that 
the sequence of pop push pop will trigger the message for the first pop event only, assuming that the 
second pop is not applied to empty stack. 
 
Trace annotation may improve the overall readability of use cases, generated by MP tools. 
 
Example 10. Pipe/filter architecture. 
 
Trace annotation with SAY message boxes may facilitate better understanding of behaviors and help 
to navigate the list of derived traces. 
  
The assumptions for this pipe/filter architecture model with 2 Filters are as follows.  
 

• Items send by Producer not always will be received by Consumer.  
• For each Filter the number of sent messages cannot exceed the number of received messages. 
• Received messages can stay in the Filter for while, before being send (if at all). 

 
SAY messages can contain information specific for the trace instance (in this example, number of lost 
messages for Consumer), and could be used as queries to obtain specific data from the trace. For 
example, we could annotate only traces where messages were lost in both Filters. 
 
Attaching SAY boxes to particular events improves readability and helps to understand the behavior 
in more detail (in this example, annotations pointing to particular Filters, where a message got lost). 
 
Please also notice how to describe patterns for better coordination. We could use  
Filter: (* (* ( send | receive ) *) *)  or  
Filter: (* ( send | receive ) *)   
 
to provide sufficient number of send/receive event sequences for coordination, but then the number 
of traces goes up dramatically and many of the valid traces are duplicates (because the same sequence 
of send/receive can be obtained from different configurations of these patterns). So, the proper choice 
of patterns for coordination may be very important.  
 
The Filter’s behavior has a clear pattern: send can be done only after at least one receive.   
Filter: (* receive (* send *) *) 
 
This pattern yields an exhaustive set of possible send/receive sequences without duplication for any 
scope.  
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SCHEMA Pipe_Filter 

 
ROOT Producer: (* send *); 

 
ROOT Filter1: (* receive (* send *) *) 

/* Filter can send only after receive */ 
BUILD { 
ENSURE FOREACH $s: send (#receive BEFORE $s > #send BEFORE $s); 

/* annotate root’s trace if  not everything received will be sent */ 
IF #send != #receive THEN  

SAY("some messages have been lost in Filter1" );  
FI; 

}; 
 

COORDINATE  $s: send   FROM Producer, 
$r: receive  FROM Filter1  

DO ADD $s PRECEDES $r; OD; 
 

ROOT Filter2: (* receive (* send   *) *) 
BUILD { 
 ENSURE FOREACH $s: send (#receive BEFORE $s > #send BEFORE $s); 

IF #send != #receive THEN  
SAY("some messages have been lost in Filter2" );  

FI; 
 }; 

 
/* Global composition operations over the whole trace */ 
COORDINATE  $s: send   FROM Filter1, 

$r: receive  FROM Filter2 
DO ADD $s PRECEDES $r; OD; 

 
ROOT Consumer: (* receive *); 
 
COORDINATE $s: send  FROM Filter2, 

$r: receive  FROM Consumer 
DO ADD $s PRECEDES $r; OD; 

 
/* Annotate and MARK trace if Consumer does not receive all messages */ 
IF #receive FROM Consumer != #send FROM Producer THEN  

SAY( #send FROM Producer - #receive FROM Consumer  
     " messages did not reach Consumer"); 
MARK; 

FI; 

3.11 Business process modeling 
 
The web site http://www.infoq.com/articles/bpelbpm “Why BPEL is not the holy grail for BPM “ 
provides an example of a process that can be described in BPMN but not in BPEL. It is claimed to be 
a challenge for process specification. Here is the description.  
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“When a new employee arrives at a company, a workflow is instantiated. First a record needs to be 
created in the Human Resources database. Simultaneously, an office has to be provided. As soon as 
the Human Resources activity has been completed, the employee can undergo a medical check. 
During that time, a computer is provided. This is only possible when both an office has been set up 
and an account created in the information system from the human resource database. When both the 
computer and the medical check have been performed, the employee is ready to work. Of course, you 
may want to model this simple process differently, but the point here is that you cannot define a 
structured parallel workflow [in BPEL] that is equivalent to this one..."  
 
The advantage of MP is in the ability to coordinate events at any location in the behavior hierarchy. 
  
Example 11. Business process model. 
 
SCHEMA Employee_Arrival 
ROOT Employee:  SendArrivalDate 
     MedicalCheck 
     ReadyToWork; 
     
ROOT Employer:  EmployeeArrival   
     /* these are concurrent threads */ 
     {  Fill_HR_DB     MedicalCheck, 
          ProvideOffice    ProvideComputer } 
     ReadyToWork; 
 
Employee, Employer SHARE ALL MedicalCheck, ReadyToWork; 
 
/* coordination of two events in different threads */ 
COORDINATE $a: SendArrivalDate  FROM Employee,  
       $b: EmployeeArrival  FROM Employer 
 DO  ADD $a PRECEDES $b; OD; 
 
/* coordination between two events deep inside the process */ 
COORDINATE  $a: Fill_HR_DB     FROM Employer,  
       $b: ProvideComputer  FROM Employer 
 DO  ADD $a PRECEDES $b;  OD; 

3.12 Process modeling: takeoff into the next dimension 
 
The following example is adopted from [Giammarco et al. 2014].  Consider the flight scenario 
depicted in Figures 5a and 5b, which provide a simplistic view of an uneventful Standard Flight 
through the National Airspace System. This Systems Modeling Language (SysML) activity diagram 
spans the two figures and illustrates the sequential interactions of the passenger, the pilot (or aircraft) 
and the various air traffic controllers through each phase of flight, from Preflight through Landing.   
 
Continental United States flights enter the En Route phase of flight but do not necessarily enter the 
Oceanic phase. Consider, for example, an alternate path for flights that enter the Oceanic phase of 
flight. Furthermore for simplicity, there are only two additional alternate paths in this scenario 
representing times when a controller may ask a pilot to enter a holding sequence:  Hold in queue 
during the Take Off phase and Hold during the Approach phase.  After the aircraft taxis to the 
runway, the controller may or may not issue a Ground Hold due to inclement weather conditions. 
Then the aircraft enters a departure queue and awaits clearance for takeoff.  On approach, the 
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controller may direct the aircraft to Hold due to congestion at the airport, the final embedded alternate 
path. The aircraft circles at a set location until receiving clearance to land. Of course an actual flight 
would have many more alternate paths. 
 
The SysML activity diagram in Figures 5a and 5b illustrates the flight scenario and has served as the 
source material to express the behaviors and interactions of the MP model that follows. MP code is 
used to describe the behaviors and interactions of the main actors and phases. 

 

	  
Figure	  5a.	  Standard	  Flight:	  Preflight,	  Takeoff,	  Departure	  Phases	  

	  
Figure	  5b.	  Standard	  Flight:	  En	  Route,	  Descent,	  Approach,	  Landing	  Phases	  
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This MP schema illustrates the following. 
• Each of the main flight phases in the SysML diagram is modeled as a root event. 
• Each of the main actors in the SysML diagram is modeled as a root event. 
• Interactions and overlapping between phases and actors are modeled with SHARE ALL 

and COORDINATE. 
	  
/*--------------------------------------*/ 
/*   Main flight phases        */ 
/*--------------------------------------*/ 
SCHEMA Flight 
ROOT Preflight:  BoardAircraft    
     FlightCheck  
     DepartureClearance    
     Pushback  
     IssueGroundInstruction   
     Taxi  
     Clear_for_takeoff; 
 
ROOT Takeoff:  (* Hold_in_queue *) 
     Clear_for_takeoff   
     Liftoff  
     Handoff_to_TRACon; 
 
ROOT Departure:  ChangeFrequency  
     IssueClearances  
     Handoff_to_ARTCC; 
 
ROOT EnRoute: IssueInstruction 
    ( OceanicExtension | Follow_route ) 
    ChangeFrequency2  
    Handoff_to_TRACon2; 
 
ROOT Descent:  Clear_descent 
     Maneuver_toward_Airport ; 
 
ROOT Approach:  (* Hold *)     
     Clear_approach 
     Enter_approach_line 
     Handoff_to_tower ; 
 
ROOT Landing:  Clear_landing 
     Land 
     Taxi_instruction 
     Taxi_to_gate 
     Disembark; 
 
/*---------------------------------*/ 
/*   Main actors    */ 
/*---------------------------------*/ 
ROOT Passenger:  BoardAircraft  
     InsideCabin  
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     Disembark ; 
 
ROOT Pilot:  FlightCheck  
    Pushback  
    Taxi  
    (* Hold_in_queue *) 
    Clear_for_takeoff 
    Liftoff   
    ChangeFrequency 
    ( OceanicExtension | Follow_route ) 
    ChangeFrequency2 
    Maneuver_toward_Airport 
    (* Hold *)     
    Enter_approach_line 
    Land 
    Taxi_to_gate; 
 
ROOT Controller: DepartureClearance  
     IssueGroundInstruction  
     Clear_for_takeoff   
     Handoff_to_TRACon 
     IssueClearances  
     Handoff_to_ARTCC  
     IssueInstruction  
     Handoff_to_TRACon2 
     Clear_descent 
     Clear_approach 
     Handoff_to_tower 
     Clear_landing 
     Taxi_instruction ; 
 
/*---------------------------------------------------*/ 
/*    Interactions between phases  */ 
/*---------------------------------------------------*/ 
COORDINATE  $a: Taxi FROM Preflight,  

$b: Clear_for_takeoff FROM Takeoff 
 DO ADD $a PRECEDES $b; OD; 
 
COORDINATE  $a: Handoff_to_TRACon FROM Takeoff,  

$b: IssueClearances FROM Departure 
 DO ADD $a PRECEDES $b; OD; 
 
COORDINATE  $a:Maneuver_toward_Airport FROM Descent,  

$b:Clear_approach  FROM Approach 
 DO ADD $a PRECEDES $b; OD; 
 
/*-----------------------------------------------------------*/ 
/* Overlapping between actors and process phases */ 
/*-----------------------------------------------------------*/ 
Passenger, Preflight   SHARE ALL  BoardAircraft; 
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Passenger, Landing   SHARE ALL  Disembark; 
 
Pilot, Preflight     SHARE ALL  FlightCheck,  
           Pushback,  
           Taxi; 
 
Pilot, Takeoff      SHARE ALL  Hold_in_queue, 
           Liftoff; 
 
Pilot, Departure     SHARE ALL  ChangeFrequency; 
 
Pilot, EnRoute      SHARE ALL  OceanicExtension, 
           Follow_route,  
           ChangeFrequency2; 
 
Pilot, Descent      SHARE ALL  Maneuver_toward_Airport; 
 
Pilot, Approach      SHARE ALL  Hold,  
           Enter_approach_line; 
 
Pilot, Landing    SHARE ALL  Land, 
           Taxi_to_gate; 
 
Controller, Preflight  SHARE ALL  DepartureClearance,  
           IssueGroundInstruction; 
 
Controller, Takeoff    SHARE ALL  Clear_for_takeoff,    
           Handoff_to_TRACon; 
 
Controller, Departure  SHARE ALL  IssueClearances, 
           Handoff_to_ARTCC; 
 
Controller, EnRoute    SHARE ALL  IssueInstruction,  
           Handoff_to_TRACon2; 
 
Controller, Descent    SHARE ALL  Clear_descent; 
 
Controller, Approach   SHARE ALL  Clear_approach, 
           Handoff_to_tower; 
 
Controller, Landing  SHARE ALL  Clear_landing, 
           Taxi_instruction; 

4. NOTES ON MP SEMANTICS 
 
The event trace emerges as a result of derivation process. It is guided by grammar rules and 
composition operations. The event trace derivation determines the MP semantics. Trace derivation for 
schemas, roots, and composite events is performed top-down and from left to right following the 
event grammar rules. Composition operations act like “crisscrossing” derivation rules that may add 
new events and basic relations to the trace under derivation. 
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As John Hughes (Hughes, 1989] has put it in his influential paper: “The way in which one can divide 
up the original problem depends directly on the ways in which one can glue solutions together”. 
Event grammar rules in MP provide well-understood way of modularization, or dividing the system’s 
behavior model into a hierarchy of component behaviors. Composition operations are separated from 
the grammar rules, and define interactions (or dependencies) between behaviors of components. This 
separation and supporting it mechanism of “gluing” behaviors together are the core features of MP. 
 
For the schema  
SCHEMA S 
ROOT R1: …; 
ROOT R2: …; 
… 
ROOT Rn: …; 
 
event trace derivation starts with an implicit grammar rule 

S: { R1, R2, … , Rn }; 
and encompasses the composition operations interlacing the root rules and defined in the BUILD 
blocks attached to the schema and to other event grammar rules. 
 
Any root definition (event grammar rule) should appear in the MP source code before the root name 
is used in composition operation, so that the trace derivation from the grammar rules could be 
accomplished before application of composition operations on those traces.  
 
The Firebird event trace generator implements the following derivation steps for the given scope N. 
 
1. First, all valid event traces (segments) for the scope N for each composite event defined in the 

schema are derived and stored. The order of composite event derivation is determined 
automatically by the dependencies between them, so that if composite event A is used in the 
right-hand part of composite event B, derivation for A will be accomplished before B. 
Composition operations included in the BUILD blocks attached to the composite event rules are 
performed at this phase, potentially reducing the number of derived event traces. No recursion 
(direct or indirect) in composite event grammar rules is allowed. 

2. Next, traces for the scope N for each root event are derived and stored in the order of root event 
appearance in the schema.  Composition operations included in the BUILD blocks attached to the 
root event rules are performed at this phase, potentially reducing the number of derived event 
traces. 

3. Each valid event trace for the schema is assembled from the segments of root event traces.  Root 
segments for the trace assembly are selected following the order of root event appearances in the 
schema. Composition operations interleaving root events in the MP code are also performed in 
the order of their appearance. If a composition operation (SHARE ALL, COORDINATE, or 
ENSURE) involves a root event, that root event should appear in the schema before the operation, 
so that this root’s segment was fetched before the composition operation. Composition operations 
in the BUILD block attached to the schema are performed at the end of schema’s trace assembly. 
The Console window in Firebird provides statistics about the intermediate and final trace 
assembly. 

4. Composition operation may impose constraints on the derived traces, like the equal numbers for 
coordinated events, or ENSURE constraints. Use of a composition operation as early as possible 
may speed up trace generation by pruning the search for valid traces. The ordering of root events 
and ordering of composition operations in the schema can provide a powerful trace generation 
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speed improvement (see Sec. 5.2 for more details). 

5. Traces for roots and composite events are generated independently before the whole schema’s 
trace is assembled. Hence, the FROM clauses in the BUILD blocks for composite and root events 
are limited to THIS and variables containing inner events only.  

6. All generated trace segments are checked for compliance with the Axioms (Sec. 7). If a trace 
segment fails to satisfy Axioms, it is rejected. 

Some suggestions to keep in mind as you progress in modeling effort. 

• Proceed with the MP model building incrementally. Start with a simple (bare bones) model of the 
main actors/behaviors. Add actors (root events) and coordination for them one at a time. 
Introduce composite events to encapsulate the logically complete actions.  

• Don’t forget introductory comments with the name of author, date, and short description of the 
purpose of this MP model.  Save/backup your MP file frequently. 

• Make sure that event names are readable and informative. In many cases event names will be 
pseudo-code statements describing activities within the system and its environment. 

• Use indentation to emphasize the order of events and main control structures (alternatives and 
iterations). Try to have one event name per line of MP code.  

• After each update run and test the MP model to detect/fix coding errors and omissions in the MP 
code, and to decide about the appropriate scope size, which is an essential aspect for non-trivial 
MP models. This may include adding specific iteration scope descriptions for selected iterators, 
like (*<1..4> A *) to steer the number of iterations. This way you can get around the 1-5 scope 
limits imposed by Firebird, if needed.  

• Validation begins when MP model starts to run smoothly. Now it is time to select the graph 
visualization mode (Sequence, Swim Lane, etc.) and to start browse and study generated 
scenarios/use cases with respect to how well it captures your intent.  

• After the initial draft of the model is stabilized, add incrementally more actors/behaviors, 
repeating the test/debug activities after each increment. Insert comments in your MP code 
explaining your major design decisions and rationale for MP constructs used in the code. The best 
comments answer the question “Why?”, e.g. why this alternative or iteration has been placed in 
this particular position in the model, or why this coordination construct is here. 

• Models are built by humans and usually need testing and debugging. For this purpose MP has 
CHECK construct for assertion checking (or for counterexample rendering) and SAY clause for 
annotating generated traces with messages. It is similar to the print statements used for debugging 
source code in traditional programming languages. After all, MP is executable modeling 
language. SAY clauses may provide answers to queries about number of events of interest 
already assembled into the trace segment, or indicate reaching certain point in the derivation 
process. This can be done both in BUILD blocks and in the schema’s code. The MARK construct 
combined with IF composition operation makes it possible to highlight traces of interest for 
testing/debugging purposes.  

The philosophy for verifying executable MP architecture and process models may be summarized as 
following. 

Small Scope Hypothesis. Most flaws in models can be demonstrated on small counterexamples. MP 
tool generates exhaustive set of all possible behaviors within a small scope, and assertion checking 
with CHECK can produce all counterexamples of traces violating behavior’s property within the 
scope (these traces will be highlighted by MARK command). Assertions in the MP model may be 
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checked both for the whole schema and for standalone root or composite event rules (CHECK clause 
in corresponding BUILD blocks). In the latter case, a counterexample of assertion violation may be 
just a trace segment for a particular root or composite event.  

5. SOME OPTIMIZATION HEURISTICS 
 
The trace generation time may be one of the main concerns when using MP tool. With scope increase 
it may grow rapidly. Generation time depends on several factors. 

• The number and complexity of composite and root events. 
• The number and size of traces generated for each root/composite event (this information is 

available in Firebird’s Console window). 
• The number of composition operations and their place within MP code. 
• The structure of composition operations (in particular, the nesting within COORDINATE). 
• The ordering of root events in the schema’s code. 

 
The derivation process is based on the search tree (selection of trace segments for assembly top-down 
and left-to-right). Pruning the search tree as early as possible is the main principle for speed-up. Here 
are some heuristics that may help to reduce the generation time. 

5.1 Use scope with caution 
The number of traces (and trace generation time) may increase dramatically with the scope. Start MP 
model’s testing/debugging with scope 1 to detect the initial obvious mistakes, and proceed to the 
higher scopes with caution. In many cases small scope (up to 3) is sufficient to detect/fix most of bugs 
and to verify all event traces within a scope with the CHECK constructs (Small Scope Hypothesis). 

5.2 Use composition operations as early as possible 
COORDINATE and SHARE ALL require coordinated threads of events to have the same size. If this 
condition does not hold, the derivation process backtracks one step back and picks up another 
root/composite event segment. When performed early in the derivation, it can prune a significant part 
of the search tree. Composition operation works as a powerful search tree’s pruning tool. ENSURE 
also acts as a filter rejecting assembled trace segment, when it violates context condition (assertion). 
 
For the schema’s trace assembly root event segments are picked up in the order of root event rule 
appearance in the schema. Place a composition operation in the MP schema code immediately after 
all participating root event rules. 

5.3 Use BUILD blocks 
Root and composite event segments are derived before the schema’s trace assembly begins. 
Composition operations placed within BUILD blocks may reduce the number of segments derived for 
composite/root event, and as a result reduce the total search. This is yet another application of the 
general principle: “prune the search as early as possible”. 

5.4 Optimization of COORDINATE operations 
Event thread selection for coordination in COORDINATE or SHARE ALL is time-consuming. If the 
same event thread participates in several coordination operations, it makes sense to merge them.  
 
For example:  
 
COORDINATE  $x: a FROM A,   
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    $y: b FROM B 
  DO ADD $x PRECEDES $y; OD; 
 
COORDINATE  $x: a FROM A,   
    $z: c FROM C 
  DO ADD  $x PRECEDES $z; OD; 
 
These can be merged as: 
 
COORDINATE  $x: a FROM A,   
    $y: b FROM B,  
    $z: b FROM C 
  DO  ADD  $x PRECEDES $y,  
     $x PRECEDES $z; OD; 
The merge eliminates the repeated processing of the coordination thread for A. Notice that ADD may 
process several relations. 

5.5 Beware of asynchronous coordination  
Use asynchronous coordination only when it is necessary for capturing the requirements. It may cause 
dramatic increase in the number of generated traces (and the generation time), since MP will generate 
all possible permutations of events to coordinate with other sources. Although, since we expect that 
traces will be generated for a reasonably small scope, the size of selected event set will be small, and, 
correspondingly, the number of permutations also is expected to be modest. 

6. MP LANGUAGE CONSTRUCTS 

6.1 Lexics 
'ttt'   - terminal string 
Id      - identifier, sequence of letters, digits, and underscore, starting with a letter 
variable - an identifier preceded by ‘$’, for example, $a 
float_constant - float_constant has decimal point, like 24.5. It may have unary minus  
    preceding it, like -24.5. Use of exponent also is  allowed, like 24E2 or 24.5E-2   
integer_constant - integer_constant should be decimal integer, like 25, or may have  
     unary minus preceding it, like -25 
”characters” – string constant with zero or more characters, that may be any printable  
    ASCII characters, but escaped characters (like \n). 
comments  - /* … */ and // … eol  
Note. // … eol comments are not yet available 
 
Spaces, eol, and tabs are not syntactically significant, except when separating keywords and/or 
identifiers. 
	  
Extended	  BNF	  notation	  for	  MP	  syntax	  
	  
(* P *)   – P repeated zero or more times 
(+ P +)   – P repeated one or more times 
(* P * E)  – P repeated zero or more times, separated by E 
(+ P + E)  – P repeated one or more times, separated by E 
( P1 | P2 | P3 )  - alternative 
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[P]     - optional P 

6.2 Event grammar rules 
(1) schema:   
   'SCHEMA' schema_name(2)   
   (* (  rule(3)          |  
     composition_operation(22) )  
      ‘;’  
   *)  
   [ Build_block(35)]  
; 
Derivation of the schema’s trace proceeds top-down and from the left to right. Composition 
operations outside the BUILD block are performed following the order of derivation, immediately 
after the root derivation and composition operations appearing in the schema before them were 
performed, and hence may speed up the trace derivation by rejecting the previously derived root 
traces before proceeding with the next roots. Operations within the BUILD block are performed 
after all the derivations in schema’s body have been completed. Schema’s BUILD block may also 
define attributes for the whole schema. 

 
(2) schema_name: Id  -- schema’s name is an identifier 
; 
 
(3) rule:  
  ( 'ROOT' root_name(4)| event_name(7) ) ':'   
  pattern_list(5)   
  [ Build_block(35)]   
; 
Absence of the ROOT keyword yields a composite event declaration. 
 
Operations in Build blocks defined for roots and composites are performed each time when the trace 
derivation for that root or composite is accomplished. These are local “crisscrossing” derivation 
rules, which can add more events and relations within the root or composite trace. 
 
(4) root_name: Id  -- root name is an identifier 
; 

6.3 Event patterns 
(5) pattern_list: 	    
  (* pattern_unit(6) *) 
; 
 
(6) pattern_unit: 
  ( event_name(7)     | 
     alternative(8)     |  
     iterator(10)      |  
     iterator_plus(12)     | 
     set(13)       | 
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     set_iterator(14)     |  
     set_iterator_plus(15)    | 
     optional(16)      | 
 ‘<|’ pattern_list(5) when_clause(17) ‘|>’  
          ) 
; 
No recursion (direct or indirect) in composite event grammar rules is allowed. 

<|  … |> provides scope for the when_clause, see(17)  for details 
 
(7) event_name:   Id   
; 
Event name is an identifier, atomic or composite event name 
  
(8) alternative: 
   '(' (+ [ probability(9)] pattern_list(5) +'|') ')'    
; 
The ‘probability’ option is the probability to select the alternative in the random trace generation 
mode, each selection is independent from the previous history. Empty option for pattern_list is 
needed to balance probabilities assignment, e.g. in (A|B|  ) empty alternative has probability 
0.33333, but in [(A|B)] it will have probability 0.5. [A] is equivalent to (A|  ) 
	  
(9) probability:  
  '<<' float_number(41)  '>>' 
; 
Probabilities are used only in the random trace generation mode.  
Float_number should be in the range 0.0 – 1.0; 
Sum of probabilities within the alternative pattern unit should be 1.0; 
Probabilities not provided explicitly, are prorated evenly to supplement the total sum to 1.0; 
 
(10) iterator: 
 '(*' [ iteration_scope(11)] pattern_list(5) '*)'  
; 
 
(11) iteration_scope:  
 '<' [ integer_number(40) '..' ]  integer_number(40) '>' 
; 
Integer numbers should be non-negative. Iteration range < min .. max > is covered during trace 
generation; the default for (* … *) iteration is  < 0 .. scope >; 
< n > is the same as <n .. n>; 
 
(12) iterator_plus:   
   '(+' [ iteration_scope(11)] pattern_list(5)'+)'  
; 
The default for iteration scope is < 1 .. scope >, the lower limit can not be less than 1; 
	   	  
(13) set:   
  '{' (*  pattern_list(5) * ',') '}' 
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; 
set requires only IN relation between the set and its elements; 
 
(14) set_iterator:  
   '{*' [ iteration_scope(11)] pattern_list(5) '*}'   
; 
The default for iteration scope is < 0 .. scope >; 
 < n > is the same as <n .. n> 
 
(15) set_iterator_plus:  
   '{+' [ iteration_scope(11)] pattern_list(5) '+}'   
; 
The default for iteration scope is < 1 .. scope >, the lower limit can not be less than 1 
 
(16) optional:  
  '[' [ probability(9)] pattern_list(5)']' 
; 
The default probability is 0.5 
 
(17) when_clause:   
  'WHEN' (+ when_unit(18) + ',')  
; 
The scope of WHEN clause determines the events which could be interrupted, see (6). 
 
(18) when_unit:  
  [probability(9)] event_name(7) '==>' pattern_list(5) 
 -- event_name is a non-root event 
; 
WHEN unit can be interrupted by another triggering event. WHEN unit will be included as 
alternative for each event (atomic, composed, or container) in the WHEN scope (with the given 
probability, if defined; probabilities are prorated if needed). Triggering event should not appear 
within pattern list preceding WHEN unit in the WHEN block; 
 
WHEN event triggers interruption of the trace generation within its scope, and the trace is continued 
with the WHEN event and its associated pattern list. This option may be computationally expensive 
and should be used with care, to specify, for instance, an event that may occur in the environment at 
any unpredictable moment in time. 
 
We need the concept of CUT(E) as a pattern specifying possible initial segment of event trace for the 
event pattern E, when E has been interrupted while deriving its event trace. 
 

1) CUT(A) =  [ A ] if  A is atomic event pattern 
2) CUT(A) =  [ A: CUT( Body) ] if A is a composite event A: Body 
3) CUT(A B) = (CUT(A) |  A    CUT(B) ) 
4) CUT( (A | B) ) = (CUT(A) | CUT(B) ) 
5) CUT( (* <n..m> E *) ) =   (* <0..m-1> E *) CUT(E) 
6) CUT( {A, B}) = { CUT(A), CUT(B) } 
7) CUT( {* <n..m>  E *}) =  {* <0..m>   CUT(E) *} 
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8) CUT( (+ E +) ) =   (* E *) CUT(E) 
9) CUT( {+  E +} ) =  {* CUT(E) *} 
 
The meaning of when-clause pattern can be defined as: 

<| P WHEN <p1> A1 ==> A2,  <p2> B1 ==> B2, … |>  = 
 ( P         |  
  CUT(P)  
 (* ( <p1> A1 CUT(A2) | <p2> B1 CUT(B2) | … ) *)  
 (<p1>  A1 A2 | <p2> B1 B2 | … )     ) 
MP trace scope limit is applied to the induced iteration in WHEN definition as well. 

6.4 Navigation directions 
(19) navigation_direction:  
 ( ‘IN’     | ‘PRECEDES’ | ‘ENCLOSING’ | ‘FROM’   | 
    ‘CONTAINS’ | ‘FOLLOWS’  | ‘BEFORE’  | ‘AFTER’  ) 
; 
For the convenience of navigation within the trace, besides of the basic relations IN and PRECEDES 
there are additional relations: 
 
ENCLOSING is a reverse of IN, 
FROM is a transitive closure of IN, 
CONTAINS is a reverse of FROM, 
FOLLOWS is a reverse of PRECEDES, 
BEFORE is a transitive closure of PRECEDES, 
AFTER is a reverse of BEFORE. 
 
Navigation within event traces is one of the main MP features. This “Time Machine” is deployed in 
bool_expr3(46), and may be used in coordinate_composition(24), quantified_bool_expr(47), and 
special_function(54), explicitly or via thread(21) with SUCH THAT clause. 
 
Sec.7 provides ten axioms specifying properties of navigation relations. This implies that valid event 
trace always is a directed acyclic graph. 
 
The following picture illustrates possible navigation relations between events a and b. 
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(20) variable: $Id   
; 
MP variable is an identifier preceded by ‘$’, for example, $a, and has an event instance as a value. 
It can be used in several MP constructs:  
thread(21), shared_composition(23), coordination_source(25), add_relation(26), map_unit(29),  
bool_expr3(46), event_instance(53), special_function(54). 
 
(21) thread:   
  variable(20) ‘:’ selection_pattern(27)  
  [‘FROM’ event_instance(53) ] 
  [‘SUCH’ ‘THAT’ bool_expr(43)]   
; 
The thread is kind of a set comprehension, and specifies a set of events selected by applying selection 
pattern and selection conditions (SUCH THAT). If an event instance has been shared with other root 
or composite event, only a single instance of shared event will be included in the thread.  
 
Threads may be used as sources of events in coordination_source(25), in the # special_function(54), 
and in aggregate operations(55) and (56). The scope of variable bound to the selection_pattern 
depends on the operation/expression, which deploys the thread. 
 
THIS refers to the schema, root or composite event in the BUILD block of which the thread appears. 
Search for events matching the selection_pattern in the thread is performed within THIS.  
 
If the thread appears in the BUILD block of a root or composite event, root_name is not allowed. 
Such thread may be used in the schema’s body or in the schema’s BUILD block only. Absence of the 
FROM clause  is equivalent to FROM THIS. 
 
Example. Assume that the selection is done from the schema’s trace segment (FROM THIS), where 
A, B are root events. SUCH THAT clause makes it possible to assemble thread from different events 
from several sources: 
 $x: (a | b) SUCH THAT ( $x FROM A AND $x IS a) OR ( $x FROM B AND $x IS b) 
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6.5 Composition operations  
(22) composition_operation:  
    (  shared_composition(23)   | 
   coordinate_composition(24)  |  
   MAP_composition(28)     | 
   conditional_composition(30)  | 
   simple_action(31)     )  
; 
Composition operations act like “crisscrossing” derivation rules that may add new events and basic 
relations to the trace under derivation. 
  
(23) shared_composition: 
   (+ ( root_name(4)| variable(20) ) + ',') 
    'SHARE' 'ALL'  
    (+ event_name(7) + ',')  
; 
Clause root_name is not allowed if a composition operation appears in the BUILD block of a root or 
composite event, it may be used in the schema’s body or in the schema’s BUILD block only. 
 
(24) coordinate_composition:  
  ‘COORDINATE’  
   (+ coordination_source(25) + ‘,’) 
  ‘DO’ 
   (+ composition_operation(22) ‘;’ +) 
  ‘OD’ 
; 
COORDINATE is essentially a loop over one or more event sets of equal size (coordination 
sources). It starts with the tuple of first event from each coordination source followed by performing 
the DO/OD on that tuple, then a tuple of second events in each coordination source is selected and 
DO/OD is performed again, and so on. The composition operations enclosed within DO/OD are 
performed for each tuple of events selected from the coordination sources. 
 
Variables bound to the selection patterns within coordination sources of the composition are visible 
in the DO/OD body of this composition (including nested threads), but not in other threads 
coordinated by this coordination composition. 
 
If all coordination sources yield empty sets, no operations in the DO/OD body will be performed but 
the coordination operation will still succeed.  
 
(25) coordination_source:   
  [( ‘!>>’ | ‘<!>’ )] thread(21)  
; 
Synchronous coordination ‘!>>’ requires that selected events are totally ordered (with respect to 
the transitive closure of PRECEDES), and the coordination follows this ordering. If selected event 
set is not totally ordered in the synchronous coordination source, the whole coordination operation 
fails to produce a resulting trace, and the trace derivation backtracks. Synchronous coordination 
‘!>>’ is applied by default. 
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‘<!>’ means asynchronous coordination. Selected event set may be totally ordered or not. The traces 
resulting from the coordination operation will include all permutations of events from the 
asynchronous coordination source. This assumes that other constraints, like the partial ordering 
axioms are satisfied. Each valid permutation yields an instance of a resulting trace for the composite 
event, root, or schema deploying this composition. Asynchronous coordination may cause dramatic 
increase in the number of generated traces (and the generation time. 

The default means that the thread will be used only once, “as is”, and if partial ordering axioms are 
not satisfied the trace will be rejected. It is similar to FOREACH(48) traversal. 
 
(26) add_relation: ‘ADD’   
    (+  

 ( event_instance(53) | SAY_clause(34) ) 
(‘IN’ | ‘PRECEDES’)  
( event_instance(53) | SAY_clause(34) ) 

   + ‘,’) 
; 
If add_relation operation appears in the BUILD block of a root or composite event, root_name in 
event_instance is not allowed. It may be used in the schema’s body or in the schema’s BUILD block 
only. 
 
SAY_clause is a special case of composition operation that creates a new instance M of message 
event (visualized in the Firebird event trace as a  “dog ear” box) and initializes its text attribute 
with the message text.  
 
SAY operation by default always performs ADD M IN THIS operation, and the “dog ear” box will 
be associated with root, composite, or schema in which BUILD block it appears. Placing SAY as 
argument for ADD it becomes possible also to bind the message event with some other event with IN 
or PRECEDES relation, thus providing more focused visualization for the message (see Example 9).  
 
(27) selection_pattern:  
  (  event_name(7)        |  
     ‘(‘ (+ event_name(7) + ‘|’) ‘)’  ) 
; 
 
(28) map_composition:  
   (+ ‘MAP’ map_unit(29) ‘AS’ map_unit(29) +‘,’) 
; 
The purpose of map construct is to implement event aliasing; this can be considered as a 
generalization of SHARE ALL(23) composition; 
 
(29) map_unit:  event_instance(53) 
; 
If a map composition operation appears in the BUILD block of a root or composite event, 
root_name is not allowed. It may be used in the schema’s body or schema’s BUILD block only. 
 
(30) conditional_composition: 
   ‘IF’ bool_expr(43)  
   ‘THEN’ (* composition_operation(22) ‘;’ *) 
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   [‘ELSE’ (* composition_operation(22) ‘;’ *)] 
   ‘FI’ 
; 
This control structure provides additional conveniences for trace generation, including context 
condition check for filtering traces, trace annotation with messages, assertion checking 
(counterexample search). See also ensure_request(32) and assertion_check(33), which are 
abbreviations based on the use of conditional_composition(30).  
 
(31) simple_action:  
   (  ‘REJECT’     |  
    ‘MARK’      | 
    add_relation(26)   | 
      ensure_request(32)  |  
    assertion_check(33)  |  
    SAY_clause(34)   ) 
; 
REJECT terminates the derivation for the current event trace segment, and the trace generator 
proceeds to the next instance. This action may be useful for early pruning in the derivation process. 
Typical use is captured by the ensure_request(32). 
 
MARK can be performed in a BUILD block of root, composite, or schema, or in schema’s body, and 
will ensure that the complete trace under derivation will be highlighted to make it distinct in the 
graph window navigation list. To MARK a trace in the process of model testing/debugging may be 
useful in order to indicate that it contains something of interest (more details could be provided in 
the messages produced by SAY_clause(34) and attached to the event boxes in the trace graph). For 
instance, MARK is used to highlight assertion counterexamples in assertion_check(33).  
 
MARK performed in any BUILD block is propagated during the derivation, and traces including a 
MARKed root/composite segment also become MARKed, up to the top trace. 
 
The Firebird’s graph window navigation list contains all MARKed and un-MARKed traces for which 
the derivation within the scope has been completed.  

 
(32) ensure_request:   
    ‘ENSURE’ bool_expr(43) 
; 
ENSURE A; is an abbreviation for IF A THEN /* continue derivation */ ELSE REJECT; FI; 
 
When used in the Build_block(35) of a composite event, root, or schema, or in the schema’s body(1) 
this action filters the trace derivation by applying context conditions to the already derived segment 
of event trace. 
 
(33) assertion_check: 
   ‘CHECK’ bool_expr(43) ‘ONFAIL’ SAY_clause(34) 
; 
CHECK A ONFAIL SAY(“Message”);  is an abbreviation for  
IF A THEN /* continue derivation */  ELSE SAY(“Message”); MARK; FI; 
 
Assertion checking may be included in the Build_block(35) or in the schema’s body(1), usually for 
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model’s testing/debugging. If the trace segment under derivation violates the assertion, an instance 
of the trace including this segment will be MARKed (highlighted) and available for browsing with a 
message explaining the cause. If the property described by the assertion should be always satisfied, 
it is better to include it as ENSURE construct. CHECK is the most common pattern for assertion 
checking, providing a message associated with a root, composite event, or the whole trace. More 
detailed assertion checking for advanced model testing/debugging with message boxes bound to 
particular events in the trace can be achieved by using a combination of COORDINATE, ADD and 
SAY constructs (see Example 9). 

 
(34) SAY_clause:   
   ‘SAY’  ‘(‘  
    (+  
     (  expression(50)   |  
        string_constant(42)  |  
        variable(20)   )  
    +)   
   ‘)’ 
; 
SAY_clause generates messages (events) that are visible in the event trace graph as distinct boxes. It 
may be used to provide trace annotations. By default the message event is under IN relation with the 
root/composite or schema event, depending on where (in the BUILD block, or schema’s body) it has 
been produced. Additional IN and PRECEDES relations may be added to the message event by 
placing SAY_clause as an argument in ADD operator, see add_relation(26) rule for details. 
 

SAY_clause may render the output of queries evaluated on event trace instances. Expression(50) 
value is included in the message, where stand alone variable(20) yields an event name. Thus it 
becomes possible to enhance the event trace with data specific for this trace. 
  
Examples of queries/comments 
1)	  	   SAY	  	  (“Total	  number	  of	  send/receive	  within	  Task_A	  is	  ”	  	  #	  (send	  |	  receive)	  FROM	  Task_A	  );	  
2)	  	  	  	  CHECK FOREACH $a: pop (#pop BEFORE $a < #push BEFORE $a)  
      ONFAIL SAY("too many pop events before pop event " );  

6.6 Build blocks and event attributes 
Composition operations within Build block are performed immediately after the derivation from a 
grammar rule for an instance (segment) of schema, root, or composite event is completed. These 
may add new relations and events, reject the whole derived segment (depending on a context 
condition), add an annotation, or provide a result of a query (via SAY). Build block also is the place 
to define event attributes. 
 
(35) Build_block:  
  ‘BUILD’ ‘{‘  
 
   (*  ( plain_attribute_declaration(37)  ‘;‘ *) 
 
   (* composition_operation(22) ‘;‘ *)  
  ‘}‘ 
; 
Event attribute is a binary relation added between the event associated with Build_block and other 
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object  (number, string, Boolean value).  
 
(36) relation_name: Id 
; 
Relation names IN and PRECEDES are predefined and require that the objects bound by these 
relation are event instances. 
 
(37) plain_attribute_declaration:   
   (+ relation_name(36) + ‘,’)  
   ‘:’ type(38)  
   [ ‘=’ initial_value(39) ]  
; 
MP allows only immutable attributes, i.e. for each event instance the value of event attribute is 
assigned only once. No functional dependencies between attributes (like synthesized or inherited 
attributes in traditional attribute grammar) allowed in this version as well, although bool_expr(43) 
in conditional_composition(30) may specify mutual constraints on event attributes.  
 
The default initial value for a  numerical attribute is 0, for a  string – an empty string “”, and  for a 
Boolean – ‘false’. 
 
(38) type:   
   ( ‘int’ | ‘float’ | ‘string’ | ‘bool’) 
; 
 
(39) initial_value:  
    ( integer_number(40)  |  
      float_number(41)   |  
       string_constant(42)  |  
       ‘true’      |  
      ‘false’      ) 
; 
 
(40) integer_number:  integer_constant 
; 
integer_constant should be non-negative decimal integer, like 25, or may have unary minus 
preceding it, like -25 
 
(41) float_number:   float_constant 
; 
float_constant has decimal point, like 24.5. It may have unary minus preceding it, like -24.5. Use of 
exponent also allowed, like 24E2 or 24.5E-2   
 
(42) string_constant:  ”characters” 
; 
Zero or more characters may be any printable ASCII characters, but escaped characters (like \n). 
 

Predefined timing attributes 
float clock_begin 
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float clock_end 
float duration 
 
The predefined timing attributes are handled by the MP trace generator and don’t need to be 
declared, unless the initial_value(39) is required. 

6.7 Boolean expressions  
(43) bool_expr:   
   bool_expr1(44) (* ('->' | ‘<->’) bool_expr1(44) *) 
; 
‘->’ stands for the implication operator, and ‘<->’ for the iff operator (‘if and only if’). These are left 
associative operations: A -> B -> C is equivalent to (A -> B) -> C. 
 
(44) bool_expr1: bool_expr2(45) (* 'OR' bool_expr2(45) *) 
; 
 
(45) bool_expr2: bool_expr3(46) (* 'AND' bool_expr3(46) *) 
; 
 
(46) bool_expr3:   
   ( '(' bool_expr(43) ')'   | 
  
   'NOT' bool_expr3(46)    | 
       
   'true'        | 
 
   'false'         | 
 

     ( ( event_instance(53)        |  
schema_name(2)) ‘.‘ relation_name(36)  ) | 

 
( event_instance(53)  
navigation_direction(19) 

   event_instance(53)    )      | 
 
   ( variable(20) 'IS' event_name(7) )     | 

 
(expression(50) comparison_operation(49) expression(50)) | 
 
  ( 'MAY_OVERLAP' variable(20) variable(20) )   | 

 
  quantified_bool_expr(47)        | 
 
  Boolean_aggregate_operation(55) 

              ) 
; 
Event attributes used in bool_expr3 (event_instance.relation_name) should be of bool type.  



	   	   	   	   	   	   	   	   	   	   	   	   	  last	  modified:	  April	  10,	  2016	  

40	  of	  44	  

 
MAY_OVERLAP $x $y is an abbreviation for NOT( $x BEFORE $y OR $y BEFORE $x), meaning 
that events $x and $y may overlap in time, i.e. be concurrent, or under  FROM relation. 
 
(47) quantified_bool_expr:  
   quantifier(48)  
   (+  variable(20) ‘:’ selection_pattern(27)  
    [ ‘FROM’ event_instance(53) ] 
   + ‘,’)  
   bool_expr(43)        
; 
The scope of variable under the quantifier extends to the quantified_bool_expr body. 
 
If the quantified_bool_expr appears in the BUILD block of root or composite event, root_name in 
the FROM clause is not allowed. It may be used in the schema’s body or in the schema’s BUILD 
block only. Absence of the FROM clause is equivalent to FROM THIS. 

 
(48) quantifier: (‘FOREACH’ | ‘EXISTS’) [ ‘DISJ’ ] 
; 
‘DISJ’ may be used when there are several variables under the same quantifier. It means that the 
Boolean expression bound by the quantifier is true only for a combination of disjoint events bound 
by the variables. Events are disjoint if they have not been merged by SHARE ALL or MAP 
operations.  
 
FOREACH DISJ a: A, b: A, c: A  F   is equivalent to  
FOREACH a: A, b: A, c: A ((a, b, c are disjoint event instances) ->  F ) 
 (‘->’ stands here for the implication operator), 
and  
 
EXISTS DISJ a: A, b: A, c: A  F   is equivalent to  
EXISTS a: A, b: A, c: A ((a, b, c are disjoint event instances) AND F ) 
 
(49) comparison_operation:  
  ( ‘<’ | ‘<=’ | ‘==’ | ‘!=’ | ‘>=’ | ‘>’ ) 
; 
‘string’ and ‘bool’ values can be compared by ‘==’ and ‘!=’ comparison operations only. 

6.8 Expressions 
(50) expression:  
   additive_element (51) 
   (* ( ‘+‘ | ‘-‘) additive_element(51) *) 
; 
 
(51) additive_element: 
   term(52) (* ( ‘*‘ | ‘/‘) term(52) *) 
; 
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(52) term:  
     ( integer_number(40)       | 
  
    float_number(41)        | 
 
    ‘(‘ expression(50) ‘)‘      | 
 
    ‘-‘ term(52)         | 
 

( (event_instance(53)        |  
schema_name(2)) ‘.‘ relation_name(36)  ) | 

 
    special_function(54)      | 
 
    numerical_aggregate_operation(56)  ) 
; 
Event attributes (event_instance.relation_name) should be of numerical type (int or float). 
 
(53) event_instance:  
   ( root_name(4) | variable(20) | ‘THIS’) 
; 
THIS refers to the schema, root or composite event in the BUILD block of which it appears.  
 
(54) special_function:  
   ( ‘#’ selection_pattern(27)  
 
        [ navigation_direction(19) event_instance(53) ] | 
 
   -- this construct is not yet implemented 

'#' ‘{‘ thread(21) ‘}’-- number of events in the source thread 
  ) 
; 
This function counts number of events in the selected set. The scope for selecting events for counting 
is FROM THIS, unless it is explicitly overloaded by navigation_direction. THIS refers to the schema, 
root or composite event in the BUILD block of which the expression appears. Root name for the 
navigation_direction clause cannot be used inside the root or composite event BUILD blocks, since 
root segments may not yet be available when composite segments for this event are derived. Absence 
of the navigation_direction clause is equivalent to FROM THIS. The second form with the thread may 
be used when SUCH THAT condition is needed to filter out events for counting. 
 
The range for special function appearing in a BUILD block is limited to that composite or root event 
trace segment, since it will be calculated at the time when the composite or root event trace segment 
is derived, and the rest of trace is not yet available. The same consideration holds when the special 
function appears in the schema’s context – its range is constrained by the progress of derivation 
accomplished so far. If later composition operations add some events and relations to the trace under 
derivation, these are not yet available when this particular special operation is performed. 
 
The number of events counted by the special function does include only one instance of a shared event 
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at this point in derivation process. 
 
In a simple case of existential quantifier, when only the fact of event’s presence should be 
established, it is recommended to use special function, like (#A FROM $x > 0), which is equivalent 
to the assertion “there exists at least one event A inside the event $x.” 

6.9 Aggregate operations  
(55) Boolean_aggregate_operation: 
  ( 'OR' | 'AND' )  
  ‘{‘ thread(21)'APPLY' bool_expr(43) ‘}’ 
; 
 
(56) numerical_aggregate_operation: 

 ('SUM'   |  -- numerical sum 
   'TIMES'  |  -- numerical product 
   'MAX'   |  -- numerical max 
   'MIN'   |  -- numerical min 
   'AVG'   -- result of SUM divided by the number of events in the source thread 
  )  

‘{‘ thread(21) 'APPLY' expression(50) ‘}’   
; 
The aggregate operation returns a numerical or Boolean value depending on the operation and 
APPLY clause. The scope of variables in the thread extends to the APPLY clause. 
 
In fact, quantified_bool_expr(47) is an abbreviation of Boolean aggregate operation. 
 
FOREACH $a: P FROM S F  is an abbreviation for AND{ $a: P FROM S  APPLY F } 
Correspondingly, EXISTS $a: P FROM S   F  is an abbreviation for OR{ $a: P FROM S APPLY F } 
 
The special_function(54), for instance, #{a FROM S SUCH THAT E} may be expressed as SUM{ $x: 
a FROM S SUCH THAT E  APPLY 1} as well.  
 
Use of abbreviations (like quantified_bool_expr and special_function) improves readability, reduces 
text typing, and supports optimizations for the event trace derivation implementation. 

7. AXIOMS FOR BASIC RELATIONS 
	  
Each	   basic	   relation	   IN	   and	   PRECEDES	   defines	   a	   partial	   ordering	   of	   events.	   Assume	   that	   FROM	   is	   a	  
transitive	   closure	   of	   IN,	   and	   BEFORE	   is	   a	   transitive	   closure	   of	   PRECEDES,	   as	   defined	   in	  
navigation_direction(19).	  The	  following	  ten	  axioms	  should	  hold	  for	  any	  valid	  event	  trace.	  	  	  
	  
The	  ⇒ symbol	   stands	   for	   logical	   implication,	  ¬ for	  negation,	   and	  ∧ for	   conjunction.	  Let	  a, b,	   and	  c be	  
events	  of	  any	  type.	  	  	  

Mutual	  Exclusion	  of	  Relations	  

Axiom 1)   a BEFORE b  ⇒  ¬(a FROM b) 
Axiom 2)   a BEFORE b  ⇒  ¬(b FROM a) 
Axiom 3)   a FROM b   ⇒  ¬(a BEFORE b) 
Axiom 4)   a FROM b   ⇒  ¬(b BEFORE a) 
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Non-‐commutativity	  

Axiom 5)   a BEFORE b  ⇒  ¬(b BEFORE a) 
Axiom 6)   a FROM b  ⇒  ¬(b FROM a) 

Irreflexivity	  for	  BEFORE and	  FROM follows	  from	  non-‐commutativity.	  	  

Transitivity	  

Axiom 7)   (a BEFORE b)  ∧  (b BEFORE c)   ⇒  (a BEFORE c) 
Axiom 8)   (a FROM b)  ∧  (b FROM c)  ⇒   (a FROM c) 

Distributivity	  

Axiom 9)   (a FROM b)  ∧  (b BEFORE c)  ⇒  (a BEFORE c) 
Axiom 10)   (a BEFORE b)  ∧  (c FROM b)  ⇒  (a BEFORE c) 
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