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Abstract

A partially automated process for generating tests has been experi-
mentally applied to a portion of a real world system-level requirements
speci�cation. This paper discusses the problems addressed by this process
along with how and why this automation was achieved. The requirements
were formalized using a notation designed to be readable by a large pro-
portion of requirements stakeholders. This report also addresses traceabil-
ity of requirements to tests and introduces the requirements speci�cation
language Q.
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1 Introduction

This document reports on the semi-automatic generation of a set of 252 test
frames from a portion of the ICAO instructions for �lling out a 
ight plan as
speci�ed in Appendix 2, Subsection 2 of ICAO's Rules of the Air and Air Tra�c
Services [6]. Appendices D and E contain a list of 252 test frames which were
automatically generated by a software tool from a parseable representation of
testable requirements. Figure 1 provides a sample of one of these automatically
generated test frames. The test frames for Appendices D and E are generated
through di�erent uses of the same requirements speci�cation. Each set of test
frames provides complete coverage of all the testable requirements relative to the
context in which they are used. The 122 test frames contained in Appendix D
are schemas for testing a system that automatically �lls out a 
ight plan. The
remaining 130 test frames in Appendix E are schemas for testing a system that
validates a given 
ight plan.

ROIDs: I19ES4

Stimuli Response

1. Dinghies are carried 1. insert fItem 19 Dg - fnumber
of dinghies carriedg

2. insert fItem 19 Dg - ftotal
capacity in persons of all

dinghies carriedg

3. insert fItem 19 Dg - fcolour
of dinghiesg

Figure 1: A test frame from Appendix D.

Each test frame speci�es a speci�c combination of conditions corresponding
to a single step in a test procedure.1 The contents of the \Stimuli" �eld of each
test frame are used to determine the contents of the \Stimuli" �eld of a test step.
A test engineer would re�ne a test frame into a test step by entering appropriate
data values into the \Stimuli" and \Responses" �elds of the test step that satisfy
the \Stimuli" of the test frame. In addition to specifying the contents of the
\Stimuli" �eld, each test frame includes traceability information which may be
used by the test engineer to specify Requirement Object IDenti�ers (ROIDs) in
the \Veri�ed Requirements" �eld of the test step.

The test frames in this report are provided as an example of a semi-automated
process employing a formal yet readable-by-non-specialists requirements spec-
i�cation. It is expected that these 252 test frames could be used directly by
test engineers in the development of test procedures for software that produces

1A test procedure is a sequence of test steps. Each test step contributes to the demonstra-
tion that a speci�ed requirement has indeed been implemented.
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a �lled out 
ight plan (Appendix D) and for software validating �lled out 
ight
plans (Appendix E). The generation of these 252 test frames was performed
by means of an algorithm based on a speci�c, precisely de�ned coverage crite-
rion. The ten pages of testable requirements were manually translated into a
parseable representation of similar size. This representation was then parsed by
the software tool and systematically transformed into test frames. Each step
in this derivation is a logical inference. These inferences can be grouped into
meta-steps which parallel the steps that would be taken by a test engineer in a
manual process.

An overview of the process used to generate the test frames is brie
y de-
scribed in Section 2. Appendix A contains the Q translation of the ICAO 
ight
plan instructions. Appendix C describes the Q speci�cation language. Sec-
tion 3 of this report outlines a process for the re�nement of test frames from
Appendix D or E into test steps within a test outline. The coverage criterion
determines the number of test frames generated as well as serving as the basis
of any claim about the completeness of a test procedure. Section 4 provides
a description of the coverage criterion used to generate the 252 test frames in
Appendices D and E. Appendix B details the mathemtical de�nition of the
coverage criterion. For each of the test frames, all of the conditions speci�ed in
the \Stimuli" �eld of the test frame are both necessary and su�cient. Section 5
of this report describes an alternate approach which supplements the necessary
and su�cient conditions with additional conditions that fully di�erentiate the
test frame from other test frames as a means of helping the test engineer ensure
that the expected response has a unique cause. Traceability of requirements
to tests is addressed in Section 6. The time required to generate these test
frames is described in Section 7. A brief summary of this report is provided in
Section 8.

2 Test Frame Generation: Process Overview

This overview provides a brief introduction to the test frame generation pro-
cess. Details of this process are not essential to the use of the test frames in
Appendices D and E. The process used to generate test frames uses a parseable
representation of the speci�cation and a test frame generation tool, QTCG. The
purpose of this process is to enhance the current manual process through au-
tomation while leaving enough 
exibility for engineering judgment to be applied.
Figure 2 illustrates this process.

Once a set of system-level requirements has been selected, the process of
generating test frames involves three steps:

1. Translate the system-level requirements into a parseable representation
that can be processed mechanically.

2. Add domain knowledge to document dependencies between conditions.
This information is used to eliminate infeasible tests.
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3. Use the QTCG tool to generate test frames from the parseable represen-
tation. The conversion to a parseable representation is a relatively simple
translation task.

To produce the formal speci�cation in Appendix A, text was translated directly
from the ICAO 
ight plan instructions into the parseable representation. The
parseable representation is written in a formal language. An important char-
acteristic of the parseable representation is that it is also readable by those
unfamiliar with the formal language. The Q fragment below is taken directly
from the speci�cation in Appendix A.

I19ES4.

if {not {Dinghies are carried}} then {

cross out {Item 19 D} - {each of {D, C}}}

else {all of {

insert {Item 19 D} - {number of dinghies carried},

insert {Item 19 D} -

{total capacity in persons of all dinghies carried},

if {not {Dinghies are covered}} then {

cross out {Item 19 D} - {C}},

insert {Item 19 D} - {colour of dinghies}

}}

This fragment explicitly expresses the logical relationships between conditions
but does not assign any meaning to these conditions. The logical relation-
ships are required for algorithmic test frame generation. The language of this
parseable representation is described in more detail in Appendix C.

The parseable representation makes the logical structure containing testable
requirements and the alternatives within the requirements explicit. The QTCG
tool exploits this structure in the parseable representation to generate test
frames. Furthermore, the parseable representation allows requirements to be
tagged with identi�ers. The QTCG tool preserves these identi�ers while gen-
erating test frames. The requirement identi�ers associated with a test frame
indicate which requirements were relevant to its construction. A traceability
mapping from test frames to requirements would normally be constructed man-
ually by test engineers as they construct test frames. The QTCG tool provides
this mapping automatically.

3 Test Steps from Test Frames

A softcopy of the test frames can be developed into test steps by following the
steps below:

1. Sequence the test frames into outlines of test procedures.
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2. For each test frame in the outline, select appropriate values that satisfy
the stimuli speci�ed by the test frame in a manner compatible with the
response in the previous test step.

If it is not possible to select values in step 2, either the outline is infeasible or
previously selected values must be adjusted to construct a feasible test proce-
dure.

4 Coverage Criteria

The completeness of a test set is determined by a coverage criterion. The test
frames in Appendices D and E were generated using a condition coverage crite-
rion. A simple description of this criterion is that there is at least one test frame
for each condition in the Q speci�cation of the requirements. This coverage cri-
terion is based on a mathematical foundation [2]. The precise mathematical
de�nition of this coverage criterion is given in Appendix B. This coverage cri-
terion is intended to be a precise interpretation of the guidance provided in
paragraph 6.4.4.1(a)2 of DO178B [11] that \test cases exist for each software
requirement."

This coverage criterion is illustrated by the following example:

The condition R exists if all of the following conditions are satis�ed:

1. condition A is true or condition B is true, and

2. condition C is true or condition D is true.

In this example, the letters A, B, C, D, and R are used to symbolically repre-
sent a set of conditions. For instance, the letter A may actually be a phrase
such as \the total number of persons is known." Given that each of the four
conditions A, B, C, and D can be true or false, there are sixteen possible logical
combinations of these values. But, of course, it is not practical to generate test
steps for each of the possible logical combinations since, in general, the number
of test cases would grow exponentially with the number of conditions.

The coverage criterion de�ned mathematically in Appendix B, requires each
requirement to be veri�ed once in the sense that every condition must appear
in at least one test procedure step. The coverage criterion also requires the
conditions to be both necessary and su�cient. For the above example, these
constraints can be satis�ed by just two test procedures steps. A step in which
condition A and condition C are both true together with step in which condition
B and condition D are true would satisfy this coverage criterion. An equally
valid combination is a step in which condition A and condition D are both true
together with a step in which condition B and condition C are true.

26.4.4.1(b) refers to data selection.
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5 Test Frame Styles

The QTCG tool is capable of listing conditions for test frames in one of two
styles. The \base style" lists only those conditions that are necessary and suf-
�cient to cause the response. However, this list may not be su�cient to di�er-
entiate this cause of the response from that of an overlapping test frame. For
this purpose test frame conditions can be listed using the \di�erentiated style."
The style is selected by the test engineer.

The di�erence between \base style" and \di�erentiated style" is illustrated
in the following example.

Produce response R if any of the following conditions are true:

1. the value of �eld X is less than 5,

2. the value of �eld Y is less than 3, or

3. the value of �eld Z is less than 7.

The test frames for this fragment using a base style are:

{Test Frame 1:
Stimuli Response

1. X < 5 1. R

{Test Frame 2:
Stimuli Response

1. Y < 3 1. R

{Test Frame 3:
Stimuli Response

1. Z < 7 1. R

This style allows for the maximum amount of choice exercised by test en-
gineers in constructing test steps. However, while specifying the test step cor-
responding to test frame 1, it may be necessary to specify values for Y and Z.
The test step corresponding to:

Stimulus Response

1. X = 4

2. Y = 2

3. Z = 8

1. R

does not di�erentiate between test frames 1 and 2. The di�erentiated style
can assist test engineers by adding constraints to the list of conditions that
di�erentiate the test frames. In this example the set of di�erentiated test frames
is (the extra constraints, or di�erentiating conditions, are marked with a \�"):
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{Test Frame 1:
Stimuli Response

1. Y < 3

2. � : (X < 5)

3. � : (Z < 7)

1. R

{Test Frame 2:
Stimuli Response

1. Z < 7

2. � : (X < 5)

3. � : (Y < 3)

1. R

{Test Frame 3:
Stimuli Response

1. X < 5

2. � : (Y < 3)

3. � : (Z < 7)

1. R

Di�erentiated frames can be useful in ensuring that test engineers construct
test steps that are di�erentiated. However, in some cases, test frame di�eren-
tiation takes signi�cant processing time and there may be several alternatives
to choose from in order to achieve di�erentiation. In the QTCG prototype, the
choice between alternatives is arbitrary and might not always be appropriate
according to best engineering judgment.

As a second example, a base test frame from Section E.2 is:

--Test Frame 1.14:

ROIDs: I19P

Stimuli Response

1. Number of persons is required by the

ATS authority

2. The total number of persons is known

3. NOT (insert fItem 19 Pg - fthe total

number of persons [passengers and

crew] on boardg )

1. report error

while its di�erentiated form (Section E.3) is:
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--Test Frame 1.10:

ROIDs: I19P

Stimuli Response

1. Number of persons is required by the ATS

authority

2. The total number of persons is known

3. NOT (insert fItem 19 Pg - fthe total number of

persons [passengers and crew] on boardg )

4. � Aircraft Identification is correct

5. � FlightRules and Type of Flight is correct

6. � Number and Type of Aircraft and Wake

Turbulence Category is correct

7. � Equipment is correct

8. � Departure Aerodrome and time are correct

9. � Route is correct

10. � Destination Aerodrome and Total Estimated

Elapsed Time is correct

11. � Other Information is correct

12. � insert fItem 19 Eg - fthe four digit fuel

endurance in hours and mi nutesg

13. � cross out fItem 19 Rg - fUg

14. � cross out fItem 19 Rg - fVg

15. � Emergency location beacon is available

16. � Polar equipment is carried

17. � Desert equipment is carried

18. � Maritime equipment is carried

19. � Jungle equipment is carried

20. � cross out fItem 19 Jg - fVg

21. � cross out fItem 19 Jg - fUg

22. � cross out fItem 19 Jg - fF g

23. � cross out fItem 19 Jg - fLg

24. � Supplementary Information [Part 2] is correct

1. report

error

The advantage of the di�erentiated test frame is that the additional con-
ditions ensure there is no overlap with another test frame. The disadvantage
is that there may be several di�erent ways to di�erentiate the test frame, but
the current prototype test frame generator takes this 
exibility away from the
engineer by making an arbitrary choice. It is important to note that test frame
style is independent of coverage criteria.
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6 Traceability

Traceability is necessary for providing an audit trail to support process moni-
toring. The QTCG tool supports traceability by keeping track of requirement
identi�ers inserted into the Q speci�cation by requirements authors. These re-
quirement identi�ers are propagated through the logical inferences during the
derivation of test frames. This automates the construction of a traceability
mapping between requirements and test frames that is currently done manually
by test engineers.

7 Processing Times

Computing the base test frames for Appendix D required a total of one minute
and 42 seconds3 on an Ultra-Sparc 60. The base test frames for Appendix E
required a total of two minutes and 39 seconds. Computing the di�erentiated
test frames for Appendix E had to be done in pieces and required �fty minutes
and seven seconds. Constructing the set of scripts for generating test frames
took approximately half an hour.

From the author's exposure to industry practice, a conservative estimate
of the time required to construct, review, and produce a traceability map for a
single test frame, on average, is one hour.4 By this estimate, the base test frames
in Appendix E that were automatically generated in under three minutes would
require approximately three person-weeks to prepare manually. This comparison
does not include the translation time due to the expectation that requirements
authors would produce original speci�cations in Q.

8 Summary

This document has reported the production of 252 test frames using a semi-
automated process. Test frames can be used during test development to con-
struct test steps. The automatic production of test frames from a parseable in-
terpretation of system-level requirements has the potential to reduce the labour
required to produce test steps for logically complex conditions. In addition,
the test frames are produced according to a precise de�nition of coverage which
ensures that the coverage provided by the test frames is consistent and homoge-
nous. Conditions for test frames can be listed in one of two styles: 1) necessary
and su�cient, or 2) necessary and su�cient along with additional conditions to
ensure that no test step can satisfy more than one test frame. Requirement iden-
ti�er information is automatically propagated to the test frames during their
production. This report includes a description of the Q requirements speci�ca-
tion language. Further details of this research can be found in [5, 3, 4, 13].

3The times given are the elapsed time reported by the unix time utility.
4In some cases the estimate is one day.
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