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Motivation

✦ We want to write a specification to simplify things.

✦ But even a specification that is readable can get complicated and large.

✦ How can we accurately look at only “digestible chunks” of a specification?
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Fig. 4. Model of an intruding aircraft 
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Program Slicing

✦ A projection of a program under specified conditions.

✦ What influences a variable?

✦ Or in this case 

✦ What influences transitions?

✦ What allows them to happen?

✦ What triggers them?
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RSML

✦ Requirements State Machine Language.

✦ Designed for readability and understandability.

✦ Based on hierarchical state machines.

✦ Guarding conditions are unavoidably complex.
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Fig. 1. An example of an hierarchical state machine. 

!bxmsition(s): /Potential-Threat 1-k (Other-Paffic 

Location: Other-Aircraft D Intruder-Status,-13s 

Alt~Reporting-101 in state Lost 
RA-ModeCancelled,~~1a 
Alt-Reportings-lo1 in state NO 
Other-Bearine-Validw-l sn _ ._.~ ..~~~~~”  .-A” - 

Other-Range-Valid,-117 = True 
Potential-Threat-R.ange-Testm-gr4 
Potential-Threat-Condition,,,-21 R .._ --- 
Proximate-Trafllc-Conditionrnwg~g 
Threat-Condition,-224 
Other-Air-Statusc-lnl in state On-Ground 

Output Action: Intruder-Status-Evaluated-Event,279 

Fig. 2. A transition definition from TCAS II ,with the guarding condition expressed as 
an AND/OR table. 
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Scenarios

✦ Defined by domain experts.

✦ Restricts the value of certain variables.

✦ Become interpretations after any behavior impossible in the scenario are removed.
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TCAS II

✦ “In Intruder-Status, how does the threat classification logic work for an intruder 
that reports both valid range and valid bearing?”

✦ “How do we classify and intruder that has stopped reporting altitude?”

✦ “What happens with a threat that lands and is determined to be on the ground?”
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Interpretations

✦ The collection of states that can still be reached given restrictions placed by the 
scenario.

✦ With the reduced AND/OR guarding conditions.
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How it’s done

✦ Remove any contradicting columns in each transitions AND/OR tables.

✦ Remove any columns that are left with all “don’t care” values.

✦ Any transitions guarded by now empty AND/OR tables can be safely removed.
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TCAS II
✦ “In Intruder-Status, how does the threat classification logic work for an intruder 

that reports both valid range and valid bearing?”

---- _I_-- ._ 
1 

Reduction Scenario: Not-Reporting-Altitude 

19 D (Alt-Reportings-rol in state NoI q 

Fig. 5. An intruder has stopped reporting altitude expressed as an AND/OR table. 

Reduction Scenario: Valid-Tracking 

A Other-Bearing-Valid,130 = Valid T 
D Other-Range-Valid,133 = Valid IE T 

Fig. 0. An intruder reporting reliable tracking data expressed as an AND/OR table. 

Transition(s): 1 Potential-Threat I+ [Other-Traffic 

Location: Other-Aircraft D htrUder-StatU&-lg6 

Trigger Event: Air-Status-Evaluated-Evente-27e 
Condition: 

RA-Mode-Cancelled,-21s 
Alt-Reporting,-101 in state No 
Other-Bearing-Valid,lao 
Other-Range-Valid,117 = ‘kre 
Potential-Threat-Range-Testni-214 
Potential-Threat-Condition,,,-213 
Proximate-Traffic-Conditioq,,-216 
Threat-Condition,.224 
Other-Air-Status,.lo, in state On-Ground 

Output Action: Intruder-Status-Evaluated-Event,+zTo 

Fig. 7. The transition definition sliced based on the reduction scenario Not-Reporting- 
Altitude in Figure 5 
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Fig. 1. An example of an hierarchical state machine. 

!bxmsition(s): /Potential-Threat 1-k (Other-Paffic 

Location: Other-Aircraft D Intruder-Status,-13s 

Alt~Reporting-101 in state Lost 
RA-ModeCancelled,~~1a 
Alt-Reportings-lo1 in state NO 
Other-Bearine-Validw-l sn _ ._.~ ..~~~~~”  .-A” - 

Other-Range-Valid,-117 = True 
Potential-Threat-R.ange-Testm-gr4 
Potential-Threat-Condition,,,-21 R .._ --- 
Proximate-Trafllc-Conditionrnwg~g 
Threat-Condition,-224 
Other-Air-Statusc-lnl in state On-Ground 

Output Action: Intruder-Status-Evaluated-Event,279 

Fig. 2. A transition definition from TCAS II ,with the guarding condition expressed as 
an AND/OR table. 
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460 

!hm3ition(s): 1 Potential-Threat I+ IOeher-Paffic 
Location: Other-Aircraft D Intruder-Status,-rss 

Trigger Ev 
Condition: 

rent: An-Status-Evaluated-Event+srs 

A IPotential-Threat-Condition,-21 R I 
OR 

Output Action: Intruder-Status-Evaluated-Event,.279 

Fig. 8. The transition definition sliced based on the scenario Valid-lkackiq in Figure 6. 

Potential-Threat (indicating that an intruder is close and that a trafhc advisory 
should be issued to the pilot) to Other-Trafhc (indicating that an intruder is 
considered to be irrelevant and no information about the intruder is presented 
to the pilot). Under normal circumstances, a potential threat is only downgraded 
to other traffic if it is not considered to be a potential threat, nor a threat or 
in proximity (captured in column 9 of Figure 2). However, there are many ex- 
ceptions for abnormal operating conditions, for example, when an intruder stops 
reporting altitude. These exceptions make the threat detection logic quite com- 
plex and obfuscates the specification. If we construct an interpretation of the 
specification based on the scenario named Not-Reporting-Altitude in Figure 5, 
we get a simpler transition definition (Figure 7) telling us how TCAS down- 
grades a non-altitude reporting intruder. The scenario Not-Reporting-Altitude 
requires the state machme Alt-Reporting to be in state No. Since the state ma- 
chine Alt-Reporting (Figure 4) by definition can only be in one state at the time, 
all columns in Figure 2 requiring Alt-Reporting to be in a state other than No 
can be eliminated (columns 1, 2, 5, and 6 can be eliminated). 

If we are only interested in the normal operating condition where we have 
reliable tracking data from an intruding aircraft, we can construct an interpreta- 
tion based on the scenario named Valid-Tracking in Figure 6. This interpretation 
almost eliminates the guarding condition (Figure 8) and we can more clearly see 
how TCAS operates under normal conditions. 

Construction of Interpretations: As mentioned in Section 4, our slicing algo- 
rithms are based on a marking of the abstract syntax tree. In a previous in- 
vestigation we developed an RSML parser as a part of an analysis environment 
for RSML [7]. This parser has been modified to allow us to mark the abstract 
syntax tree based on various slicing criteria. 

A reduction scenario is used to mark the infeasible columns in each AND/OR 
table. A column is infeasible if any of the truth values in the column (recall that a 
column represents a conjunction) contradicts the scenario. We have implemented 
a collection of decision procedures to determine if the predicates constituting a 
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Data Flow

✦ If we are interested in some transition

✦ What has to take place to release it’s guarding condition?460 

!hm3ition(s): 1 Potential-Threat I+ IOeher-Paffic 
Location: Other-Aircraft D Intruder-Status,-rss 

Trigger Ev 
Condition: 

rent: An-Status-Evaluated-Event+srs 

A IPotential-Threat-Condition,-21 R I 
OR 

Output Action: Intruder-Status-Evaluated-Event,.279 

Fig. 8. The transition definition sliced based on the scenario Valid-lkackiq in Figure 6. 

Potential-Threat (indicating that an intruder is close and that a trafhc advisory 
should be issued to the pilot) to Other-Trafhc (indicating that an intruder is 
considered to be irrelevant and no information about the intruder is presented 
to the pilot). Under normal circumstances, a potential threat is only downgraded 
to other traffic if it is not considered to be a potential threat, nor a threat or 
in proximity (captured in column 9 of Figure 2). However, there are many ex- 
ceptions for abnormal operating conditions, for example, when an intruder stops 
reporting altitude. These exceptions make the threat detection logic quite com- 
plex and obfuscates the specification. If we construct an interpretation of the 
specification based on the scenario named Not-Reporting-Altitude in Figure 5, 
we get a simpler transition definition (Figure 7) telling us how TCAS down- 
grades a non-altitude reporting intruder. The scenario Not-Reporting-Altitude 
requires the state machme Alt-Reporting to be in state No. Since the state ma- 
chine Alt-Reporting (Figure 4) by definition can only be in one state at the time, 
all columns in Figure 2 requiring Alt-Reporting to be in a state other than No 
can be eliminated (columns 1, 2, 5, and 6 can be eliminated). 

If we are only interested in the normal operating condition where we have 
reliable tracking data from an intruding aircraft, we can construct an interpreta- 
tion based on the scenario named Valid-Tracking in Figure 6. This interpretation 
almost eliminates the guarding condition (Figure 8) and we can more clearly see 
how TCAS operates under normal conditions. 

Construction of Interpretations: As mentioned in Section 4, our slicing algo- 
rithms are based on a marking of the abstract syntax tree. In a previous in- 
vestigation we developed an RSML parser as a part of an analysis environment 
for RSML [7]. This parser has been modified to allow us to mark the abstract 
syntax tree based on various slicing criteria. 

A reduction scenario is used to mark the infeasible columns in each AND/OR 
table. A column is infeasible if any of the truth values in the column (recall that a 
column represents a conjunction) contradicts the scenario. We have implemented 
a collection of decision procedures to determine if the predicates constituting a 
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Control Flow

✦ If we’re interested in an Event

✦ What can trigger it? 460 

!hm3ition(s): 1 Potential-Threat I+ IOeher-Paffic 
Location: Other-Aircraft D Intruder-Status,-rss 

Trigger Ev 
Condition: 

rent: An-Status-Evaluated-Event+srs 

A IPotential-Threat-Condition,-21 R I 
OR 

Output Action: Intruder-Status-Evaluated-Event,.279 

Fig. 8. The transition definition sliced based on the scenario Valid-lkackiq in Figure 6. 

Potential-Threat (indicating that an intruder is close and that a trafhc advisory 
should be issued to the pilot) to Other-Trafhc (indicating that an intruder is 
considered to be irrelevant and no information about the intruder is presented 
to the pilot). Under normal circumstances, a potential threat is only downgraded 
to other traffic if it is not considered to be a potential threat, nor a threat or 
in proximity (captured in column 9 of Figure 2). However, there are many ex- 
ceptions for abnormal operating conditions, for example, when an intruder stops 
reporting altitude. These exceptions make the threat detection logic quite com- 
plex and obfuscates the specification. If we construct an interpretation of the 
specification based on the scenario named Not-Reporting-Altitude in Figure 5, 
we get a simpler transition definition (Figure 7) telling us how TCAS down- 
grades a non-altitude reporting intruder. The scenario Not-Reporting-Altitude 
requires the state machme Alt-Reporting to be in state No. Since the state ma- 
chine Alt-Reporting (Figure 4) by definition can only be in one state at the time, 
all columns in Figure 2 requiring Alt-Reporting to be in a state other than No 
can be eliminated (columns 1, 2, 5, and 6 can be eliminated). 

If we are only interested in the normal operating condition where we have 
reliable tracking data from an intruding aircraft, we can construct an interpreta- 
tion based on the scenario named Valid-Tracking in Figure 6. This interpretation 
almost eliminates the guarding condition (Figure 8) and we can more clearly see 
how TCAS operates under normal conditions. 

Construction of Interpretations: As mentioned in Section 4, our slicing algo- 
rithms are based on a marking of the abstract syntax tree. In a previous in- 
vestigation we developed an RSML parser as a part of an analysis environment 
for RSML [7]. This parser has been modified to allow us to mark the abstract 
syntax tree based on various slicing criteria. 

A reduction scenario is used to mark the infeasible columns in each AND/OR 
table. A column is infeasible if any of the truth values in the column (recall that a 
column represents a conjunction) contradicts the scenario. We have implemented 
a collection of decision procedures to determine if the predicates constituting a 
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Combining slicesThe construction of the control slices is also based on a simple marking of the 
abstract syntax tree. 

Fig. 10. Model of Own-Aircraft reduced 

As mentioned above, a slice is identifies by the set of tagged entities in the 
abstract syntax tree. By using a different tag for each slice, it is trivial to combine 
slices using standard set operations (union, intersection, and set complement), 
For example, the combined slice needed to fully answer question 1 in Table 1 
consists of the union of all data flow and control flow slices for all transitions 
between the high-level states in Intruder-Status (Figure 4). The states and tran- 
sitions in this slice are shown in Figures 10 and 11. 

In summary, our approach to slicing of hierarchical state machines allows an 
analyst to reduce a specification based on a scenario. We call such a reduced 
specification the interpretation of the specification under the scenario. The in- 
terpretation can then iteratively be sliced based on data-flow and control-flow 
information. The slices can be arbitrarily combined using standard set operations 
to construct a combined slice containing the information of interests. 

5 Case Study 

To evaluate the effectiveness of our approach and to better understand the ef- 
fect on a large real world RSML specification, we applied our tool to the most 
complex part of the TCAS II RSML model. This section discusses some metrics 
we used to evaluate the reduction capability and discusses our experiences. 

5.1 Evaluation Criteria 

In traditional program slicing, the effectiveness of a slicing algorithm is easily 
evaluated by comparing, for example, the number of statements in theslice to the 
number of statements in the original program. In hierarchical state machines, 
however, there is no established way of evaluating a slice. In fact, there are 
no established metrics to measure the size and complexity of a state machine. 

.-. 
1 

t 

Fig. 11. Model of an intruding aircraft 

Measures such as number of reachable states, number of named states, or number 
of transitions are reasonable, but the correlation between these metrics and 
the difficulty of understanding a specification is unknown. Nevertheless, in an 
attempt to make a reasonably objective evaluation of the effectiveness of our 
approach, we use some metrics to measure the reduction of the specification. We 
have chosen to measure number of transitions, perceived table size, and effective 
table size. 

Number of tra&tions: The number of transitions in the model is easily 
counted and the metric is a reasonable and intuitive measure of the diffi- 
culty of understanding a model. 

Perceived table size: The perceived size of a table is defined to be the table 
height (the number of rows in the table) times the table width (the number 
of columns). This metric indicates the complexity of a single table shown 
on one page. Naturally, to fully understand a table one may have to trace 
macros through several layers of indirection and this added complexity is 
captured in our third metric. 

Effective table size: The use of macros reduces the perceived size of a table 
since much of the complexity of the guarding condition is hidden in the 
macros. The complexity added through macro indirection is captured by the 
effective table size. The effective size of a table is defined to be the perceived 
size of the table with all macro references recursively expanded. 

As an absolute measure of the complexity of a state machine these metrics may 
have little value, there is no evidence that a state machine with 200 transitions is 
harder to understand than one with 100 transitions. Nevertheless, as measure of 
the relative complexity between the original specification and the reduced model 
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Case Study

✦ TCAS II RSML

✦ Metrics

✦ Number of transitions

✦ Perceived table size

✦ Effective table size
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Evaluation

✦ Scenarios

✦ Reduced perceived table size from 1-80 to 0-40.

✦ Reduced effective size from 10^8-10^10 to 0-10^8.

✦ Does not significantly reduce transitions.

✦ Data and Control Flow

✦ Significantly reduced the specification.
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Discussion

✦ Can we use this?

✦ Are there changes that need to be made?
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