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ABSTRACT

Formal models of business processes support performance and behavioural analysis of the
processes for continuous improvement. Formal models are also useful in guiding the
development of software tools to support the processes. This report presents a formal model
of a planning process used in an operational headquarters of the Australian Defence Force.
The formal process model was developed using Coloured Petri Nets (CPN or CP-nets) and the
supporting Design/CPN computer tool. The constructed CPN model has allowed the
planning process to be validated and analysed using simulation and state spaces. State space
analysis was conducted using full state spaces and the sweep-line state space reduction
method.
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Formal Specification and State Space Analysis
of an Operational Planning Process

Executive Summary

This report presents the tools and techniques used to formally specify and analyse the
business process for planning at an operational headquarters (HQ) of the Australian
Defence Force (ADF). The data used in the report is purely illustrative. The doctrine that
the HQ uses for planning is the Joint Military Appreciation Process (J]MAP). The HQ
has a set of Standing Operating Procedures (SOPs) that describe the HQ'’s
implementation of the JMAP principles in detail. The JMAP and associated SOPs are
described in several natural language documents, but these documents do not describe
the planning process formally or completely. As the military require efficiency and
clarity in operations, it is beneficial that the planning process is formalised especially
for the purposes of training new staff officers, analysing the planning process for
improvement, and guiding the development of software tools to support the planning
process.

The project consisted of three steps. The first step was to specify the planning process
using Coloured Petri Nets (CPNs or CP-nets) and the supporting Design/CPN
computer tool. This step involved liaising with staff officers from the HQ to ensure that
the CPN model properly reflected the planning process. The CPN model captures
activities in the planning process, and how staff and information flow between these
activities. An important feature of the CPN model is the structured modelling of
activities which eased the development of the CPN model.

The next step was to validate the constructed CPN model and conduct initial analysis
of the planning process using simulation.

The third step was to conduct state space analysis of the CPN model. The basic idea
behind state spaces (also called reachability trees/graphs or occurrence graphs) is to
compute a directed graph (called the state space), which represents all possible
executions of the CPN model. These states can then be traversed to find qualitative and
quantitative properties of the planning process. This type of analysis led to a better
understanding of the planning process, and enabled identification of areas for
improvement. In the analysis step, we also investigated the use of the sweep-line
method which exploits the progress present in systems to reclaim memory during state
space exploration and thereby alleviate the state explosion problem.

Contributions from this project include the analysis of the planning process using
simulation and state spaces. The simulation results allowed recommendations to be
given to the HQ to facilitate concurrent activities in the planning process, and hence an
earlier completed plan. The state space analysis allowed the soundness of the planning



process to be established together with additional quantitative properties. To alleviate
the state explosion problem, we have reported on initial experiments with the
application of the sweep-line method in the workflow domain. These experimental
results are very encouraging for the use of the sweep-line method in this domain,
where models typically have an inherited presence of progress that can be exploited.

Future directions for such work could include extension of the CPN model to represent
the external JMAP processes and other related processes at the HQ that interact with
the JMAP. The CPN model could also be applied at the HQ for training staff, and as a
tool for monitoring the planning process during a planning exercise. In such a setting,
the progress of the planning process can be monitored, and state space analysis can be
used to make predictions, e.g., about worst and best case termination time given the
current state of the planning process.
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1. Introduction

Workflow modelling [15] based on formal methods such as Petri Nets [13] for rigorous
specification and analysis of business processes is becoming applied more and more in
practice [16]. Business processes in a military organisation take the form of Standing
Operating Procedures (SOP), guided by principles expressed in doctrine. The
representation and analysis of military business processes for continuous improvement
is of great importance in order to minimise inefficiency and ambiguity.

This report presents the tools and techniques used to formally specify and analyse the
business process for planning at an operational headquarters (HQ) of the Australian
Defence Force (ADF). The data used in the report is purely illustrative. The HQ is a Joint
HQ for the Army, Navy and Air Force of the ADF and it can be deployed for offshore
military operations. The doctrine that the HQ uses for planning is the Joint Military
Appreciation Process (JMAP) [1]. The HQ has a set of SOPs that describe the
implementation of the JMAP principles in detail. The JMAP and associated SOPs are
described in several natural language documents, but these documents do not describe
the planning process formally or completely. As military require efficiency and clarity
in operations, it is beneficial that the planning process is formalised especially for the
purposes of training new staff officers, analysing the planning process for
improvement, and guiding the development of software tools to support the planning
process.

The project described in this report aimed at contributing to the development of a
robust planning process at the HQ based on the doctrine and current SOP. The project
consisted of three steps. The first step was to specify the planning process using
Coloured Petri Nets (CPNs or CP-nets) [7, 8, 9, 10] and the supporting Design/CPN
computer tool [4]. This step involved liaising with staff officers from the HQ to ensure
that the CPN model properly reflected the planning process. The next step was to
validate the constructed CPN model and conduct initial analysis of the planning
process using simulation. The third step was to conduct state space analysis of the CPN
model. The basic idea behind state spaces [8] (also called reachability trees/graphs or
occurrence graphs) is to compute a directed graph (called the state space), which
represents all possible executions of the CPN model. These states can then be traversed
to find qualitative and quantitative properties of the planning process. This type of
analysis led to a better understanding of the planning process, and enabled
identification of areas for improvement. In the analysis step, we also investigated the
use of the sweep-line method [3] in the domain of workflow modelling. The sweep-line
method exploits the progress present in systems to reclaim memory during state space
exploration and thereby alleviate the state explosion problem [14].

The choice of CP-nets as the modelling language in the project was based on the
authors’ experience with CP-nets from earlier projects [11, 12] in the area of operational
planning. In [11], a CPN model of the planning process based on the observation of a
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training exercise was reported. The planning process used in the planning exercise can
be seen as one of many possible implementations of the doctrine and SOP-based
planning process that we consider in this report. The work in [12] reported a formal
specification of the planning process at another HQ of the ADF, using CPNs. The
findings from these earlier projects was that: 1) CPNs enabled complex processes to be
decomposed by the use of hierarchical constructs, something which is important for
presentation purposes and to manage complexity, and 2) the state space tool of
Design/CPN provided the required flexibility to implement the algorithms to analyse
the planning process as per the HQ requirements.

This report is organised as follows. Section 2 briefly describes the JMAP as well as the
approach used in the development of the CPN model based on the planning process
used in the HQ. Section 3 provides an overview of the CPN model. Section 4 explains
how the CPN model was analysed using simulation. Section 5 presents the full state
space analysis of the planning process, while Section 6 discusses the sweep-line
analysis. Finally, Section 7 gives the conclusions and discusses future work. The reader
is assumed to be familiar with the basic ideas of high-level Petri Nets.

2. Model Development

The JMAP is a logical decision-making process that guides military staff in producing
an operational plan. It comprises four consecutive and iterative steps as illustrated in
Figure 1: Mission Analysis, Course of Action (COA) Development, COA Analysis, and
Decision and Execution. Prior to these four steps, Preliminary Scoping is normally
conducted to analyse the superior HQ'’s intent and guidance to gain an idea of the
“bigger picture”.
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| PreliminaE Scoging |

Mission Analysis COA Development

1 Review the Situation ;
2 Analysis Superior Commander's Intent 1 Confirm Cp_ntre of Gra\flt_},r_ .
2 Refine Critical Yulnerability Analysis

3 Identify & Analyse Tasks . .
4 |dentify & Analyse Freedom of Action Comd’s Guidance 3 Develop Lines of Operation

5 Identify & Analyse Facts and Assumptions 4 Develop the CDA Scheme of Mannauwre
I T 4 Test COA Criteria
B Analyse Critical Wulnerahilities & ; .
: - & Prepare & Deliver Brief
Identify Decisive Events

7 Draft Commander's Guidance
8 Prepare & Deliver Brief

Effects
Broad COAs

Decision & Execution

1 Compare COAs

2 Select the COA

3 Develop and Issue the Plan
4 Execute the plan

COA Analysis

- 1 Determine the War Game Starnt State
Modified COAs |5 oojact war Game Method

3 Select War Game Record

4 Conduct the War Game

I

Figure 1: Joint Military Appreciation Process (JMAP).

In the Mission Analysis step, staff officers provide input to the planning process, which
leads to an awareness of the situation. Staff officers analyse all mission aspects and
compile a brief (presentation) to the Commander. The Commander, upon receipt of the
brief, provides guidance to staff for subsequent steps. The COA Development step
consists of identifying a broad range of potential COAs that achieve the mission in
accordance with the Commander’s guidance. The broad COAs are presented to the
Commander in the COA Development Brief. The COA Analysis step consists of a war
game where, typically, two sides are formed. One side acts as the enemy and the other
side as the friendly force. The purpose of a war game is to investigate each COA by
determining the risks, feasibility, strengths, and weaknesses. This provides Modified
COAs to be used in the next step. The final step of the planning process is Decision and
Execution when the Commander compares the strengths and weaknesses of each COA
as revealed by the war game with assistance from staff. The result is the selection of a
COA to be developed into a plan and executed. The Effects of this execution enables
the planning process to start again leading to an iterative process. All JMAP steps are
supported with intelligence update activities.

The structure of the JMAP steps suggests that the CPN model to be developed should
have a hierarchical representation. From Figure 1, the top level CPN model would
comprise substitution transitions to represent Preliminary Scoping and the JMAP steps (ie.
Mission Analysis, COA Development, COA Analysis, and Decision & Execution). The
second level would comprise transitions to model sub-steps of each of the JMAP steps.
The sub-steps are listed inside the boxes in Figure 1, and can be broken down into
lower level activities in the planning process. It is important to note that the numbering
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of sub-steps does not impose an ordering of their occurrences. Rather, the timing of an
activity is determined by the availability of required information, staff officers, and
completion of other activities. Activities can occur concurrently and out of the JMAP
step and sub-step order if the above conditions are satisfied. Strictly speaking, the
grouping of JMAP steps and sub-steps is for the purpose of representation, and should
not constrain the ordering of activities. For this reason, we consider it important to
model the individual behaviour of each activity in order to study the overall and
complete behaviour of the planning process. The execution of individual activities in
the CPN model would then generate the overall behaviour for analysis. One of the
objectives was to investigate possible execution sequences of activities in the JMAP in
order to determine the most efficient allocation of staff resources.

We consider that each activity in the JMAP can be characterised with six attributes (see
Figure 2): Input Information, Output Information, Prior Activities, Required Staff,
Desired Staff, and Duration. If information is obtained on all six attributes for each
activity in the JMAP, a CPN model can then be constructed and populated. The rest of
this section briefly describes these attributes.

Prior
Activities
Input - Output
Information Activity Information
Duration

Required/Desired
Staff

Figure 2: A generic activity in the JMAP.

Input Information must be available before the activity can occur, while Output
Information is produced at the conclusion of the activity. Information is usually in the
form of an electronic document (eg, Word, Excel, or PowerPoint files) or hand-written
notes, but may also be passed verbally. The output information of one activity may
become input information of another activity, introducing a dependency between
activities in the JMAP. Prior Activities are activities that must be completed before the
activity can occur. Prior activities are another mechanism for modelling dependency
between activities as it is sometimes difficult to relate them through the input/output
mechanism.

The Required Staff must be available before the activity can occur. This is defined by a
set of conditions {cj,...,cn}, where condition ¢; = (ni, {si,...,sim}) is satisfied if n; or more
staff officers are available from the set {si1,...,sim}. It is a precondition for an activity to
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start that all such conditions {cy,...,cn} for the activity are satisfied. Also, staff from a
Desired Staff set can provide assistance in the activity or benefit from attending the
activity. Desired staff officers attend the activity if they are available, but do not
prevent the activity from occurring.

Duration is the expected length of the activity in minutes. This deterministic time was
based on the available documentation and estimates from staff officers of the HQ based
on domain knowledge and experience.

3. Overview of CPN model

This section describes the hierarchical CPN model that has been constructed using the approach
described in Section 2.

Figure 3 shows the hierarchy page of the CPN model. Each node in

Figure 3 represents a page (module) in the CPN model. An arc going from a higher-
level page to a lower-level page indicates that the higher-level page contains a
substitution transition which has the lower-level page as its associated subpage.
Representative pages of the CPN model will be described in the following sections, and
are highlighted with a thick border in

Figure 3.

£ g ( JMAP#1 )
(Pre\iminaryScoping#Z ) [MissionAnaIysis#S ] ‘ COADevelopment#4 ’

‘Decisiun&Execulion#ﬁ ’
ps1_tr16 }H(ps1ar )H (War_tizz J-{(was — (Conprrss )———————— (Comatias —(coratiosiis K (DE1#49)<1—)
MAL_3#24 )¢ (cornsia X (be2_2451 )
(vazs25 Ja~{(maziosio )} (coapa_1#38 i-(comparii i (coaasias ) DE3_1#52 )< DE3#15 )
PS4#20 )< DE3 2453 K

(coaps_1#41 J~{coaper12 DE3_4#55 )
MA6i29 )1 COADG_2#42 )t E3_5i156 )<

MAT7#30 ) (conpe_si43 )

(vas_1#31 J~(mas#10 ) (coaps_4#44 K

MA8_2#32 Kl

MA8_3#33 Kl

Figure 3: The hierarchy page.
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3.1 The JMAP Page

The JMAP page is the highest-level page in the CPN model and is shown in Figure 4. On this
page there are five substitution transitions (indicated by the [HS| tag in the lower right corner of
the transition) corresponding to Preliminary Scoping and the four [MAP steps. The subpage of
each substitution transition in Figure 4 is the accordingly named page in

Figure 3. Note that for the Decision and Execution step, the CPN model captures
activities up to the production of plans. The planning process completes when a token
of colour Plan is produced in the Planning Completed place.

There are six places on the JMAP page named External Information, Input Information,
Output Information, Planning Completed, Completed Activities, and Staff. These places
hold information about the planning process, including what information has been
produced (Output Information place), what information is available (Input Information
and External Information places), what activities have been completed (Completed
Activities place), what staff officers are currently available (Staff place), and whether the
planning process has been completed (Planning Completed place).

Since we require some of the produced output information to be used by other
activities as input information, we define the Input Information and Output Information
as fusion places belonging to the same fusion set. Fusion places are indicated by the
tag next to the place. This implies that the places Input Information and Output
Information always have the same marking.
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Exinfo
External
Inf ti <
nformation < N\ N N N Completed
InfoDoc ( 7 7 > > > Activities

InfoAct

Preliminary

Scoping
7 N\

HS

[y

vV v
Mission
> Analysis

HS

v Y v v

Input COA Output
Information < »| Development > Information
HS
InfoDoc

+ 4 4 InfoDoc

COA
» Analysis

HS

vV v

Decision &

. > Execution _)

HS
\/_V y ms_to_list(Staff) J
Staff Planning
- » Completed

\—/éﬁust InfoDoc

Figure 4: The JMAP page.

The InfoDoc colour set is an enumerated type that represents all information that can be
produced in the planning process. The Input Information, Output Information, External
Information, and Planning Completed places have this colour set to model what
information is currently available. The InfoAct colour is an enumerated type that
represents all possible activity names in the planning process. The Completed Activities
place has this colour set to store all activities that have been completed in the planning
process. The StaffList colour set is a list of the Staff colour set that is an enumerated type
representing all staff officers involved in the planning process. The Staff place has the
StaffList colour set to model staff officers that are available to activities that require
them. A list type is used on the Staff place to make it efficient to determine which of the
desired staff officers available will participate in a given activity. We will return to this
issue when we present the lower level pages of the model.

Only two places on the JMAP page have non-empty initial markings: External
Information and Staff places. The initial marking of the External Information place is a set
of information units provided by external sources (e.g., external HQ or processes). The
initial marking of the Staff place (ms_to_list(Staff)) is a list of all staff officers.

3.2 The Mission Analysis page

Figure 5 shows the Mission Analysis step. It is the subpage of the Mission Analysis
substitution transition in Figure 4. The five port places (places indicated by a tag
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positioned next to the them) are connected to the accordingly named socket places in
Figure 4. Port and socket places are the mechanism by which a subpage interfaces with
the superpage containing the substitution transition. The marking of a port place is
always the same as it corresponding socket place. See [7] for details.

External
1 Information
] ) A A 3 N e
InfoDoc Activities
( ( ( (
InfoAct
MA1
Review the
( ’ Situation N\
HS
v
MA2-5
Analyse Mission
a Aspects ~
s v
MA6
Inph /O:lpul
_ Analyse CVs o i
[?] ”@‘:‘D* & Identify DEs '\ [P] out
[Hs ]
Y InfoDoc [s | TnfoDoc
v
MA7
N Draft Comd's _A
Guidance
A 4
MAS
\ Prepare & /
Deliver Brief
A 4
q L /S-lam )
StaffList
[P] wo

Figure 5:Example of a [MAP Step page - Mission Analysis.

The five transitions on the Mission Analysis page represent the group of activities that
are involved in the Mission Analysis step. These transitions are also substitution
transitions. The MA6 Analyse CVs & Identify DEs and MA7 Draft Comd’s Guidance
transitions are represented by activity pages, while the MA1 Review Situation, MA2-5
Analyse Mission Aspects, and MAS8 Prepare & Deliver Brief transitions are represented by
intermediate pages.

3.3 The Draft Commander’s Guidance page

An example of an activity page is given in Figure 6. It is the subpage of the MA7 Draft
Comd’s Guidance substitution transition on the Mission Analysis page from Figure 5. All
activity pages contain 9 places (5 port places and 4 ordinary places), and 2 transitions
(Start Activity and Stop Activity). The 5 port places relate to the accordingly named
socket places on higher-level pages, and the 4 ordinary places (Duration, Activity
Occurring, Required Staff and Desired Staff) represent the detailed information needed
for an activity to occur.
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[P]wo
Completed
Activities
1'MA7
InfoAct
118
External
E lle Information
duration
InfoDoc Duration
calcattendance
( required,
desired, g
1'Prelim_Guidanc \ 4 staffiist ) LProposed_Intent
Input 1'Proposed_DEs Start @+duration Activity staffused Stop Output
E lle Information Activity Occurring Activity Information ﬂ Out
StaffList
nfoDoc [ checkstaffenabled A A InfoDoc
( required,
stafflist ) ]
PG_Req removestaff
Required u required ( required,
Staff desired, stafflist
stafflist )
ReqStaffList
return_staff
PG Des ( staff\_Jsed.
Desired desired staffiist )
Staff
stafflist Staff
StaffList
Pl o StaffList

Figure 6: Example of an Activity page - MA?7.

Every activity in the planning process is modelled to occur in two stages. The first
stage represents the start of an activity (transition Start Activity), and the second stage
the termination of the activity (transition Stop Activity). Enabling of the Start Activity
transition requires the following conditions to be satisfied.

Firstly, necessary information from the Input Information and External Information places
must be available as per inscriptions on the arcs between these two places and the Start
Activity transition. For this example, no external information is required, and hence the
associated arc has an empty inscription.

Secondly, necessary prior activities must have been completed. Normally, these
activities are specified through the arc inscription between the Start Activity transition
and the Completed Activities place. In this activity, no prior activities are specified other
than implicit dependencies through input and output information. This arc therefore
has an empty inscription in this case.

Thirdly, the required staff are available on the Staff place. The required staff are
specified through the initial marking of the Required Staff place (JPG_Req in this
activity) and the required inscription. The colour set of the Required Staff place is
ReqStaffList. ReqStaffList is a list of the StaffCondition colour set, which is a product of
two colour sets: NumberReq and StaffList. The NumberReq colour set is an integer type
representing the number of staff officers that are at least required. The second part of
the product StaffList represents candidates of the required staff. The desired staff are
specified through the initial marking of the Desired Staff place (JPG_Des in this activity)
and the desired inscription. Obviously there need to be tokens in the Required Staff and
Desired Staff places for Start Activity to be enabled, although desired staff are optional.
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The condition on required staff in the Staff place is ensured through the transition
guard: checkstaffenabled(required, stafflist). This expression evaluates to true only if
required staff is contained in the stafflist.

The duration of the activity is specified by the duration inscription and the initial
marking of the Duration place. The Duration colour set is an integer type. The activity
pages are the only pages that directly use the time concept of CP-nets.

When Start Activity occurs, tokens from the Duration, Required Staff and Desired Staff
places are consumed. Input information, external information and completed activities
are examined, and then reproduced in their respective places. The staff list is taken
from the Staff place, and then returned to the Staff place after the removal of the
required and desired staff through the function removestaff(required, desired, stafflist).
The staff officers participating in the activity are put on the output place Activity
Occurring, and will stay there for the duration of the activity. When time has elapsed
corresponding to the duration of the activity, the transition Stop Activity can occur.
When this transition occurs, the officers that participated in the activity are returned to
the Staff place, the information produced by the activity (Proposed_Intent) is added to
the Output Information place, and a token corresponding to the activity (MA7) is
produced on the Completed Activities place.

Note that each of the Duration, Required Staff and Desired Staff places contains exactly
one token as an initial marking and tokens are not returned to these places when the
Start Activity transition occurs. This implies that each activity will only occur once
which is in accordance with the planning process.

4. Simulation

Using the Design/CPN simulator, simulations were performed to validate the CPN
model and to conduct initial analysis. For validation, interactive (single-step)
simulation was used to investigate if an execution of the model could reach the desired
terminal state. A desired terminal state is characterised as follows. All 77 units of
information are produced (77 tokens on Output Information/Input Information place),
the 7 units of external information are still available at the end of the planning process
(7 tokens on the External Information place), all staff are returned (ordered staff list was
the same as the initial marking on the Staff place), all activities are completed (41
tokens on the Completed Activities place), and a plan was produced (a token with colour
Plan on the Planning Completed place).

After the model was validated, behaviours of the planning process were investigated
through the use of automatic simulation and simulation reports, where all the steps
that occurred during a simulation were recorded. The simulation report can be used to
produce a GANTT chart. Figure 7 depicts a GANTT chart created from the simulation
report where the execution terminated in a desired terminal state. Activities in the
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JMAP are shown on the y-axis, and time (in minutes) is on the x-axis. The planning
process took 2095 minutes to complete. It can be noted that the planning process is
very sequential in nature, yet some activities have occurred simultaneously and out of
the order of the JMAP steps. For example, some Preliminary Scoping activities (PS1_1,
PS1_2 and PS2) occurred simultaneously, and some other Preliminary Scoping
activities PS4 and PS5 occurred after certain Mission Analysis activities (labels starting
with MA). These kinds of properties make the planning process more flexible and
therefore a plan could be produced quicker than a strictly sequential planning process
that would take 2151 minutes. The CPN model allows activities to occur “out of
sequence” according to the activity attributes.

PS1 1T
PS1 2
PS2
PS3]|m
MAL_1]m
MA1 2] =
MAG| =
MA2]| -
MA7]| -
MAS | —
MA4 -
MA3 ]| -
MA8_1 -
Ps4] ]
PS5 =
MA1_3]| -
MA8_2 | —
£ MA8_3]| -
2 MA8 4] -
O COAD1 ] .
COAD3] —
COAD4_1] ——
COAD4_2 | —
COADS5 | -
COAD2 =
COADS6_1 ] -
COAD6_2 —
COAD6_3 ] —
COAD6_4 -
COAA2 ]| 1

0 260 4(;0 660 B(;O 10‘00 Time 12‘00 14‘00 16‘00 18‘00 20‘00 2200
Figure 7: GANTT chart extracted from an automatic simulation.

We also investigated the completion time of the planning process when there were no
resource requirements, ie., the planning process was based solely on information flow
with staff requirements ignored. A simulation report of this model was produced, and
the corresponding GANTT chart is shown in Figure 8. From the GANTT chart, we
found that the planning process took 1845 minutes to complete when there are no
resource constraints. A larger number of activities were shown to have occurred
concurrently. For example, certain Mission Analysis activities (MA3, MA4, MA5, and
MA®6) occurred in parallel. The simulation results suggest that one method of
improving the planning process efficiency is to enable concurrent activities through de-
conflicting staff requirements on activities.

11
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COAD6_4 -
COAAL
COAA2 '
COAA3 -

0 200 400 600 800 1000 Time 1200 1400 1600 1800 2000 2200

Figure 8: GANTT chart of a planning process with no resource constraints.

5. Full State Space Analysis

The interactive and automatic simulation reported in the previous section served as a
first step to validate the CPN model and analyse the planning process. To obtain a
rigorous analysis of the planning process and the CPN model, state space analysis was
applied. The full state space of the CPN model has 14783 nodes, 21690 arcs, and could
be generated in 2 minutes and 14 seconds on a PIII Linux PC. This is compared to an
automatic simulation which only took a couple of seconds to compute.

The first part of the state space analysis was based on the state space report that can be
produced fully automatically by the Design/CPN state space tool. The state space
report contains answers to a number of standard dynamic properties of Petri nets such
as boundedness properties, home and liveness properties, and fairness properties. In the
following we interpret selected results from the state space report in the context of the
planning process.

Boundness properties. The integer bounds specify the minimal and maximal number of
tokens that can reside on a given place. The multi-set bounds give information about
the minimal and maximal numbers of tokens with a certain colour that reside on the
place in any reachable state. The state space report specifies the integer and multi-set
bounds for each place in the CPN model. Table 1 specifies the lower and upper integer
bounds for five places from the JMAP page, previously shown in Figure 4.
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Table 1: Selected upper and lower integer bound of places.

Place Upper Lower

Bound Bound
External Information 7 7
Completed Activities 41 0
Input Information 77 0
Output Information 77 0
Planning Completed 1 0

Both lower and upper integer bounds of the place External Information are 7, showing
that there are always 7 tokens present on this place. Careful inspection of the upper
and lower multi-set bounds (not shown) shows that the multi-set of tokens present on
the External Information is always equal to the external information initially present
when the planning process commences. This shows that the external information is not
consumed by any activities, but only read. The upper integer bound of 41 for place
Completed Activities shows that at most 41 activities can be completed. The 41 tokens
correspond to the total number of activities present in the CPN model. Similarly, the
upper integer bound on Input Information and Output information corresponds to the 77
information units that can maximally be produced in the planning process. The upper
integer bound of 1 on the Planning Completed place shows that there exist states in
which a plan has been produced. This confirms the observation made during the
interactive and automatic simulations of the CPN model.

Liveness Properties. The CPN model has 14 reachable dead states (states without enabled
transitions). These states correspond to states in which the planning process has
terminated. To investigate whether these states represent desired terminal states of the
planning process, a predicate on states was written expressing that a terminal state is a
desired terminal state if the requirements stated in the beginning of Section 4 are all
satisfied. Applying a predicate shows that all dead states represent desired terminal
states of the planning process. This shows that the planning process is partially correct,
i.e, if the planning process terminates, then it terminates in the desired state.
Inspection of the dead states shows that the planning process may take 2141 minutes in
worst case, and 2059 minutes in the best case. A path corresponding to an optimal
schedule for the planning process can easily be obtained as a path in the state space
from the initial state to a state where the planning process has terminated at time 2059.

Home Properties. A home space [8] is a set of states H with the property that from any
reachable state, it is always possible to reach at least one of the states in H. Using the
query function HomeSpace available in the Design/CPN state space tool, it was shown
that the set of states constitute a home space. This means that the planning process has
the property that it is always possible to terminate the planning process in a state
where the plan has been produced. The state space is finite and acyclic, implying that
when started, the planning process will eventually terminate in a state in which a plan
has been produced. This establishes the soundness of the planning process.

13
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Completion times. Another measure of interest in the analysis of the planning process is
the earliest and latest time each activity can be completed. This information can also be
obtained from the state space. Table 2 lists these results for the activities in the mission
analysis step of the planning process. These results were obtained by traversing the
state space using the functions available in the Design/CPN state space tool for writing
non-standard queries. Similar results were obtained for the activities in the other steps
of the planning process, and similar results can be obtained for the best and worst case
start times of the activities.

Table 2: Earliest and latest completion time in minutes for mission analysis activities.

Activity | Min Max | Activity | Min | Max
MA2 28 157 MA3 65 286
MA4 65 286 MAS 83 286
MAG6 65 268 MA7 85 286
MAI11 28 28 MA12 28 286
MA13 56 414 MAS1 277 | 323
MAS82 | 350 432 MAS83 387 | 469
MAS84 | 424 506

6. Sweep-Line State Space Analysis

Full state space analysis of the CPN model was feasible with the available computing
resources because the state space of the CPN model was of a moderate size. To extend
our work to cover even more complex and detailed business processes of the ADF, we
are likely to encounter the state explosion problem, i.e., state space analysis will be
prohibited because of the size of the state space. Therefore we experimented with the
use of the sweep-line state space analysis method [3] as part of the project.

The basic idea behind the sweep-line method is to exploit a formal notion of progress
present in many concurrent and distributed systems. Exploiting progress makes it
possible to reclaim memory during state space exploration by deleting visited states
on-the-fly. The deletion is done such that the state space exploration will eventually
terminate and upon termination all reachable states will have been explored exactly
once. Below we explain the basic ideas behind the sweep-line method and show how
the method can be applied in on-the-fly state space analysis of the CPN model. The
reader is referred to [3] for a complete presentation of the sweep-line method. For the
experiments, we used the sweep-line library [5] available for Design/CPN.

The sweep-line method has until now only been used on communication protocols [6],
exploiting progress originating from internal states of protocol entities, retransmission
counters, and packet sequence numbers. There is however an intuitive presence of
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progress in many business processes from the start of the process toward the
termination of the process when the desired outcome has been produced. The progress
can, for example, be measured in the number of completed activities, the number of
documents produced, and the elapse of time. This kind of progress is also present in
the planning process, and it is reflected in the state space of the CPN model. Figure 9
shows the initial fragment of the state space for the CPN model. The initial state is
represented by node 1, and initially three different activities may start. The states have
been organised into layers (separated by a horizontal line) based on how far the system
has progressed according to the creation time of the marking (nodes). The creation time of
a state in a timed CP-net represents the time at which the system entered the
corresponding state. For example, layer 0 contains the nodes representing states with
creation time 0. The marking in layer 1 has creation time 10.
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|’-2 ’-3| 4
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0 00006
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Figure 9: Initial fragment of the state space.

The key observation to make is that progress in the CPN model manifests itself by the
property that a state in a given layer has successor states either in the same layer or in
some lower layer, but never in an upper layer. This is a consequence of the fact that the
creation time in timed CP-nets increases along an occurrence sequence [8]. The idea
underlying the sweep-line method is to exploit such progress by deleting states on-the-
fly during state space exploration.

To illustrate how the sweep-line method operates, consider Fig.9 and assume that it
represents a snapshot taken during conventional state space exploration. Dashed nodes
are fully processed states (i.e. states that are stored in memory and all their successor
states have been calculated). Nodes with a thick solid black border are unprocessed
nodes (i.e. nodes that are stored in memory, but their successor states have not yet been
calculated). Nodes with a thin solid black border have not yet been calculated.

15
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If the state space exploration algorithm processes states according to their creation
time, node 7 will be the state among the unprocessed states that will be selected for
processing next. This will add nodes 10, 11, and 12 to the set of stored states and mark
these as unprocessed. At this point it can be observed that it is not possible from any of
the unprocessed states to reach one of the markings 1-9 or 15. The reason is these nodes
represent states where the planning process has not progressed as far as in any of the
unprocessed states. Hence, it is safe to delete these nodes, as they cannot possibly be
needed for comparison with newly generated states when checking (during the state
space exploration) whether a state has already been visited. In a similar way, once all
the states in the second layer have been fully processed these nodes can be deleted
from the set of nodes stored in memory. Intuitively, one can think of a sweep-line as
being aligned with the highest layer (seen from the top) that contains unprocessed
states. During state space exploration, unprocessed states are selected for processing in
a least-progress first order causing the sweep-line to move downwards. States will
thereby be added in front of the sweep-line and deleted behind the sweep-line. We
could have subdivided each layer further by taking into account, e.g., the number of
started and completed activities or the number of produced documents.

To use the sweep-line method as implemented in the Design/CPN library [5], a
progress measure must be provided to the tool. The progress measure specifies the
progress to be exploited by the sweep-line method, and consists of a mapping from
states into progress values. The progress value of a state quantifies the progress of the
system in that state. The progress mapping is required to preserve the reachability
relation of the CPN model, i.e., a successor state S' of a state S is required to have the
same or a higher progress value than S. For the CPN model of the planning process, we
used a function that maps a state into its creation time. As an inherited property of
timed CP-nets, this mapping preserves the reachability relation.

The peak number of states stored with the sweep-line method using a progress
measure based on creation time is 2149 nodes. Assuming that memory consumption is
linear in the number of states stored, this corresponds to a reduction in peak memory
consumption for analysis to 11.8%. The total time used to conduct the sweep of the
state space was 2 minutes and 33 seconds. Using the sweep-line method, we can
investigate the same dynamic properties as were considered in the previous section
using the query functions available in the sweep-line library. The main difference is
that analysis is now done on-the-fly during the state space exploration. This is
necessary since state information is deleted by the sweep-line method. The sweep-line
method can be used to reason about home and liveness properties because states in a
strongly connected component of the state space will have the same progress value and
hence will be present in memory simultaneously before being deleted.
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7. Conclusions and Future Work

We have presented the development of a CPN model of a planning process used in an
operational headquarters (HQ). The model gives a formal and graphical representation
of the planning process. It captures activities in the planning process, and how staff
and information flow between these activities. An important feature of the CPN model
is the structured modelling of activities which eased the development of the CPN
model based on the JMAP and SOP documents. The CPN model is useful for training
new staff officers, assisting the HQ in modifying existing planning documentation
based on the J]MAP, and providing a framework to test variations of the JMAP and
other business processes.

Another contribution of this report is the analysis of the planning process using
simulation and state spaces. The simulation results allowed recommendations to be
given to the HQ to facilitate concurrent activities in the planning process, and hence an
earlier completed plan. The state space analysis allowed the soundness of the planning
process to be established together with additional quantitative properties. To alleviate
the state explosion problem, we have reported on initial experiments with the
application of the sweep-line method in the workflow domain. These experimental
results are very encouraging for the use of the sweep-line method in this domain,
where models typically have an inherited presence of progress that can be exploited.

Future directions for such work could include extension of the CPN model to represent
the external JMAP processes and other related processes at the HQ that interact with
the JMAP. Also, it would be of interest to refine the CPN model by replacing the
deterministic duration of activities with time intervals. The work on Interval Timed
Coloured Petri nets and their state space analysis [2, 17] could serve as a starting point
for this work. The CPN model could also be applied at the HQ for training staff, and as
a tool for monitoring the planning process during a planning exercise. In such a setting,
the progress of the planning process can be monitored, and state space analysis can be
used to make predictions, e.g., about worst and best case termination time given the
current state of the planning process.

17
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