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Abstract

The Fermal transformation system, basal on re-
sarch carried out over the last twelve years at
Durham University and Software Migrations Ltd., is an
industrial-str ength formal transformation engine with
many applications in program comprehensionand lan-
guagemigration. This paper descrites one application
of the system: the migration of IBM 370 Assembler
code to equivalent, maintainable C code. We present
an example of using the tool to migrate a small, but
complex, assemblemmodule to C with no manual inter-
vention required. We brie°y discussa mass migration
exercise wher 1,925 assemblermodules were suess-
fully migrated to C code.
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1 Intro duction

There is a vast collection of operational software sys-
tems which are vitally important to their users,yet are
becoming increasingly dizcult to maintain, enhance
and keep up to date with rapidly changing require-
mernts. For many of these so called legacy systemsthe
option of throwing the system away and re-writing it

from scratch is not economically viable. Methods are
therefore urgertly required which enablethesesystems
to ewlve in a cortrolled manner. In particular, leg-
acy assenbler systems have high maintenance costs,
and migrating such systemsto a di®erent ervironment

(eg. a client-server architecture) is much more ditcult

than for C or COBOL systems. The Fermdl trans-
formation system usesformal proven program trans-
formations, which presene or re ne the semartics of
a program while changing its form. Thesetransforma-
tions are applied to restructure and simplify the legacy
systems and to extract higher-level represertations.
This paper describesoneapplication of the system: the
migration of IBM 370 Assenbler code to equivaler,
maintainable C code.

By using an appropriate sequenceof transforma-
tions, the extracted represertation is guaraneed to
be equivalert to the original code logic. The method
is based on a formal wide spectrum language, called
WSL, with accomparying formal method. Over the
last ten years we have deweloped a large catalogue
of proven transformations, together with medanically
veri able applicability conditions. Thesehave beenap-
plied to many software developmer, reverseengineer-
ing and maintenanceproblems. In this paper, we focus
on the results of using this approadc in the migration
of IBM Assenbler to C. (The sametechniquesare also
being applied to migration to COBOL). We conclude
that formal methods have an important practical role
in program comprehensionand software migration.

2 Theoretical Foundation

The theoretical work on which Fermar is basedorigin-
ated not in software maintenance, but in resear® on
the dewvelopmert of a languagein which proofs of equi-
valencefor program transformations could be achieved
as easily as possiblefor a wide range of constructs.

WSL is the \Wide Spectrum Language"usedin our
program transformation work, which includeslow-level



programming constructs and high-level abstract spe-
ci cations within a single language. This has the ad-
vantage that onedoesnot needto di®ereriiate between
programming and speci cation languages: the entire
transformational dewvelopmen of a program from ab-
stract speci cation to detailed implemertation can be
carried out in a single language. Conversely the ertire
reverse-engineeringprocess, from a transliteration of
the source program to a high-level speci cation, can
also be carried out in the same language. During
either of theseprocessesdi®erert parts of the program
may be expressedat di®erert levels of abstraction.
So a wide-spectrum language forms an ideal tool for
deweloping methods for formal program developmert
and also for formal reverse engineering (for which we
have coined the term inverse enginesring).

A program transformation is an operation which
modi es a program into a di®erert form which has
the same external behaviour (i.e. it is equivalert un-
der a precisely de ned denotational semariics). Since
both programs and speci cations are part of the same
language,transformations can be usedto demonstrate
that a given program is a correct implementation of a
given speci cation.

A re nement is an operation which modi es a pro-
gram to make its behaviour more de ned and/or more
deterministic. Typically, the author of a speci cation
will allow some latitude to the implementor, by re-
stricting the initial states for which the speci cation
is de ned, or by de ning a nondeterministic behaviour
(for example, the program is speci ed to calculate a
root of an equation, but is allowed to choose which
of sewral roots it returns). In this case, a typical
implementation will be a re nement of the speci ca-
tion rather than a strict equivalence. The opposite of
re nement is abstraction: we say that a speci cation is
an abstraction of a program which implemens it. See
[5,6] and [1] for a description of re nement.

The syntax and semartics of WSL are described in
[8,9,10,13]sowill not be discussedn detail here. Most
of the constructs in WSL, for example if statemerts,
while loops, proceduresand functions, are common
to many programming languages. However there are
some features relating to the \speci cation level" of
the languagewhich are unusual. Expressionsand con-
ditions (formulae) in WSL are taken directly from “rst
order logic: in fact, an in nitary rst order logic is
used(see[4] for details), which allows countably in nite
disjunctions and conjunctions, but this is not essetial
for understanding this paper. This use of rst order

logic meansthat statemerts in WSL can include ex-
istential and universal quanti cation over in nite sets,
and similar (non-executable) operations.

Over the last twelve yearswe have beendewveloping
the WSL language, in parallel with the developmert
of a transformation theory and proof methods. Over
this time the language has deweloped from a simple
and tractable kernel language[9,10]to a complete and
powerful programming language. At the \lo w-level"
end of the languagethere exists automatic translators
from IBM Assenbler into WSL, and from a subset of
WSL into C. At the \high-level" end it is possibleto
write abstract speci cations, similar to Z and VDM.

The WSL language includes constructs for loops
with multiple exits, action systems, side-e®ects,etc.
and the transformation theory includes a large cata-
logue of proven transformations for manipulating these
constructs. Many of the transformations have been
implemerted in the Fermal transformation enginede-
veloped by Software Migrations Ltd. [11,15,16].

In [12,14] program transformations are usedto de-
rive a variety of excient algorithms from abstract
speci cations. In [12,13,14]the sametransformations
are usedin the reversedirection: usingtransformations
to derive a conciseabstract represenation of the spe-
ci cation for seweral challenging programs.

Our aim in this paper is to describe how the trans-
formation theory has been sucessfullyapplied to the
very challenging task of migrating from assenbler lan-
guageto modular and maintainable C code. As far
as we know, none of the other researdersin program
transformations (for example, [2,7]) have attempted to
apply their methods to assenbler code.

3 The Fermal Workbench

The Fermal' Workbend consistsof a collection of tools
and databasesbased around the core technology of
program transformations in the WSL language. The
objectivesof the Fermal Workbend are:

1. Increasethe comprehension of legacy code to:

(a) Improve maintenanceproductivit y and hence
reduce maintenance costs;

(b) Improve the quality of maintenance by
properly understanding the impact of code
changes;

(c) Enable business enhancemets to be de-
livered faster;

(d) Support the analysis of existing legacy sys-
tems; and

2. Support the re-engineering of legacy code to:



(&) Arrive at better structured programs, and
hence increase code quality and subsequeh
maintainabilit y;

(b) Ease the burden of code corversion tasks
(eg Year 2000, EMU, Product Codes, etc.);
through the provision of code change assess-
ment and semi-automated conversion facilit-
ies;

(c) Allow legacy code to be automatically mi-
grated to more mainstream higher-level lan-
guagesand hence extend the life of existing
systems.

The major componerts in the Workbenc are:

2 Inventory Gatherer: This contains tools to enable
the userto scan,selectand collect an invertory of
“les to createa\pro ject" and populate the Fermar
repository;

Invertory Navigator: Thesetools provide the user
with an overall view of the project and select
modules for further processing. The tools include
call graph and structure chart generators;

Program Analysis Environment: This contains
tools to display an interactive program °ow chart
which is linked to an integrated text editor, to
determinethe impact of changingoneor more data
“elds (this is also used for Year 2000 and EMU
analysis) and to display the structure of the data
declarations;

Repository: This storesand cortrols all input,
working, databaseand output Tes related to a
project. Project Tes may be at di®eren stagesof
Fermal processing:

Level 0 Collected and scannedcode;

Level 1 Current Physical: parsedcode and data
and unstructured WSL;

Level 2 Restructured Physical: restructured
WSL code and structured data;

Level 3 Abstracted Business:interactively
transformed or veri ed WSL code and data
structures;

Level 4 GeneratedPhysical: target language
sourcecode.

Code Parsers: include Assenbler to WSL trans-
lator and a COBOL parser. (The COBOL parser
is under developmert);

Transformation Engine: This is the heart of the
Fermal workbendh. The Engine corntains an ex-
tensive library of proven WSL program transform-
ations, developed over the past twelve years of re-
seard, together with heuristics for applying trans-
formations to achieve di®erer goals. For example,

there are heuristics for restructuring translated
assenbler code, removing dispatch calls and con-
dition code references.The transformation engine
also handles WSL to target language translation
and data °ow analysis;

2 Data Transformer: analysesdata layouts (lengths,
typesand o®sets)to generatestructured data de-
clarations;

2 Code Generators: take the transformed WSL code
and restructured data layouts and generatetarget
languagesourcecode and data declarations. These
are customisableto meetvarying coding standards
and the needto trade e+ciency and maintainabil-
ity;

2 Documen Generators: produce °owcharts, data
catalogues,call graphs, structure charts, program
listings and CASE tool export Tes.

Mo delling Assembler in WSL

Constructing a useful sciertic model necessarilyin-

volves throwing away some information: in other

words, to be useful a model must be inaccurate, or

at least idealised, to a certain extent. For example
\ideal gases"\incompressible °uids" and\billiard ball

molecules"are all usefulmodelswhich gain their utilit y

by abstracting away somedetails of the real world. In

the caseof modelling a programming language,suc as
Assenbler, it is theoretically possibleto have a perfect
model of the language which correctly captures the

behaviour of all assenbler programs. Certain features
of Assenbler, such as branching to register addresses,
self-madifying code and so on, would imply that sud

a model would have to record the ertire state of the

machine, including all registers, memory, disk space,
and external devices,and \in terpret” this state asead

instruction is executed. (Consider the e®ectof loading

some data from a disk Te into memory, performing

arithmetic at arbitrary placesin the data, and then

branching to the start of the data block!) Unfortu-

nately, such a model is uselessfor reverse engineering
or migration purposes.

What we need is a practical model for assenbler
programswhich is suitable for reverseengineering,and
is accurate enough to deal with all the programming
constructs which are likely to be encourtered.

4.1 Assembler to WSL Translation

The assenbler to WSL translator works from a listing
“Te, rather than a source e, in order to make asmuch
information available as possible. For example: the
listing will usually contain macro expansions,it will



show the baseand index registers determined for eath

instruction, it will list the o®setof ead instruction and
data item, and any conditional assenbly instructions

will have beenexpandedalready. The translator makes
useof all this information, sowhile it would be possible
to write a translator which works from source Tles,

such a translator would have to duplicate much of the

functionality of an assenbler. The translator generates
two output Tes:

<le >.wsl contains the WSL translation of all the
executablecode;

<’le >.dat contains information about ead symbol
declared or referencedin the listing: the length,
o®set, type, initial value, and the DSECT or
CSECT to which it belongs. Separate programs
will restructure the data Te into hierarchical
structures and unions. Other programs generate
C headerles or COBOL data divisions.

The assenbler to WSL translator includes the fol-
lowing features:

2 Standard opcodes: Each assenbler instruction is
translated into WSL statemerts which capture
all the e®ectsof the instruction. The macdine
registersand memory are modelled as arrays, and
the condition code as a variable. Thus, at the
translation stagewe don't attempt to recogniselif
statemerts" as sucd, we translate into statemerts
which assignto cc (the condition code variable),
and statemerts which test cc.

2 Standard system macros for le handling etc.
When translating a GET macro, for example, the
system determines the error label (if any) and
end of Te condition label (by searding for the
data cortrol block declaration) and inserts the
appropriate tests and branches.

2 Usermacroscan be addedto the translation table,
with an appropriate WSL translation. If a macro
is found which is not in the translation table, then
the macro expansionis translated. If there is no
macro expansion,then a suitable procedurecall is
generated.

2 All structured macrosare handled by simply trans-
lating the macro expansion: this replaces the
structure by equivalent branches and labels, but
our restructuring transformations are powerful
enough to recover the original structure in ead
case.

2 The condition code is implemented as a variable
(co): this is becausewhen a condition code is set
it is not always obvious exactly where it will be

tested, and it may be tested more than once. Spe-
cialised transformations cornvert conditional as-
signmerts to cc followed by tests of ccinto simple
conditional statements.

BAL/BAS (Branch and Save), and branch to re-

gister: this is handled by attempting to determine
all possibletargets of any branch to register in-

struction by determining all the places where a
return addresscould be saved, or wherea modi ed

return addresscould end up at. Each label is

turned into a separate action with an asseiated

value (the relative address). A \store return ad-

dress"instruction storesthe relative addressin the

register. A \branch to register" instruction passes
the relative addressto a \dispatch" action which

tests the value against the set of recorded values,
and jumps to the appropriate label. This can deal
with simple casesof addressarithmetic (including

jump tables) but may theoretically be defeatedif

more complex address manipulations are carried

out before a branch to register instruction is ex-
ecuted.

Simple external branches (external subroutine
calls) are detected.

Simple jump tables are detected: the code for
detecting jump tables can be customisedand ex-
tended as necessary

EXecute statemerts are detected and generate
the appropriate code (the executed statemert is
translated and then modi ed appropriately). The
\Execute" (EX) instruction in IBM assenbler is a
form of self-madifying code: it takestwo paramet-
ers, a register number and an addressof the actual
instruction to be executed. If the register number
is non-zero,then the actual instruction is modi ed
by the register contents before being executed.
Execute instructions are typically usedto create
a variable-length move or compare operation (by
overwriting the length "eld of a normal move or
compareinstruction).

Data Declarations: all assenbler data (EQUates,
DS, DC, DCB etc.) are parsed and restructured
into C unions and structs, where appropriate.

DSECTs are converted into pointers to structs
(whenewer the DSECT's baseregister is modi ed,
the appropriate pointer is modi ed to keepit in
step).

EQUates are translated as #de nes, apart from:
(& \EQU*" in a data area, which is translated
as an appropriate data elemen, and (b) \FOO
EQUBAR which is recorded as declaring FOOas



a synorym for BAR(If the C translation of BARis
baz.bar , for example, then the C translation for
FOQuwill be baz.foo ).

2 Self-madifying code: casesvherea NOP or branch
is modi ed into a branch or NOP are detectedand
translated correctly (using a generated’ag).

2 C header Tes are generated automatically: one
for the main program and separateheader les for
eah DSECT referenced.

2 Structured and unstructured CICS calls (eg
HANDLERAID, HANDLECONDITIONare translated
into the appropriate code. Unstructured CICS
callsare translated into equivalent structured code
through a mecanism which can be extended to
other macro packages,eg databases,SQL, etc.

The aim of the assenbler to WSL translator is to
generateWSL code which modelsasaccurately aspos-
sible the behaviour of the original assenbler module:
without worrying too much about the size, exciency
or complexity of the resulting code. Typically, the
raw WSL translation of an assenbler module will be
three to v e times bigger than the source le and have
a very high McCabe cyclomatic complexity (typically
in the hundreds, often in the thousands). This is, in
part, becauseevery \branch to register" instruction
branches to the dispatch routine, which in turn con-
tains branchesto every possiblereturn point.

Howewer, the Fermal transformation engine in-
cludes some very powerful transformations for sim-
plifying WSL code, removing redundancies, tracking
dispatch codes, and so on. In most casesFermar
can automatically unscranble the tangle of \branch
and save" and \branch to register" code to extract
self-cortained, single-erry single-exit proceduresand
so eliminate the dispatch procedure. In addition,
Fermal can nearly always eliminate the cc variable by
constructing appropriate conditional statemerts.

5 The Sample Program

Our sample program was taken from \A Guided Tour
of Program Design Methodologies", by G. D. Bergland
[3] who in turn took it from a story called \Getting it
Wrong" that has beenrelated by Michael Jadkson on
numerous occasions:
proc ManagementReport ~
var SW1:= 0;SW2:= 0:

ProduceHeading

read stu®);

while NOT eof(stu®) do

if First. Recad_In_Group
then if SW1= 1

then ProcessEnd Of_PreviousGroup

SW1:= 1;
ProcessStart_Of New.Group
ProcessRecad,;
SW2:=1
else
ProcessRecad; SW2:= 1
read stu®)
od;
if SW2= 1 then ProcessEnd Of Last Group

Produce Summay
end.

The program is a simple report generator which reads
a sorted transaction le: ead transaction cortains the
nameof anitem and the amount received or distributed
from the warehouse. The program generatesa report
shaowing the net changein inventory for ead item in
the transaction Te.

Our residert assenbler guru was given the above
pseudaode and asked to write an assenbler imple-
mentation which usesas many \features" of assenbler
aspossible. The result is given in Section 11 (I should
liketo point out on his behalfthat this is not his normal
coding stylel) The program includes self-madifying
code (the \'rst time through switch" SW1is imple-
mented by modifying the branch labelled LAAAto a
NOPIn the instruction labelled LAB, and an EXecute
statemert hasbeenusedto get a variable length move.

The following is an extract of the \raw" WSL code
generatedby the assenbler to WSL translator:

LAAA 7
if F.LAAA = 1 then call LAB
call A_00006Cend
A_00006C ~
r10:= 108+ 4; call ENDGROUP
call LAB end
LAB ~
F_LAAA = O;
call A_000074end
A_000074°
IP mvdaldb(WRITEM; r3); 3+ 1]
var a[db(WLAST; r3); 3+ 1]);
call A_0O0007Aend
A_00007A °
a[db(WNET; r3); 3+ 1] :=! XF zap(!XF p.lit(1; 1,1 0"));
if IXC deceqadb(WNET;r3);3+ 1];0)
then cc:= 0
elsif IXC declesgaldb(WNET;r3);3+ 1];0)
then cc:= 1



elsecc:=2";
call A_.000080end
A_000080 °
r10:= 128+ 4; call PROCGRP
call A_000084end
A_000084 *
a[db(XSW1; r3); 1] :=! XF x/it(1; L\ FF");
call A_000088end
A_000088 -
if true then call LAA —;
call LAC end
LAC ~
r10:= 140+ 4; call PROCGRP
call A_000090end
A_000090 °
a[db(XSW1; r3); 1] :=! XF xit(1; L\ FF');
call A_.000094end

Note that ead instruction expandsinto seweral WSL
statemerts. Each symbol referenceis implemented

as an array accesswith the base register plus o®set.

The modi ed branch instruction hasbeenimplemented
as a conditional branch on a machine generated °ag
(F_LAAA). A BALinstruction isimplemented by storing
the return addressin a register and branching to the
label. A branch to register (for example,to return from
a subroutine) is implemerted by loading the special
variable destinationwith the value in the register, and
branching to a special dispatch routine. dispatch is
generated automatically by the WSL translator and
looks, in part, like this:

dispatch ~

if destination= 0
then call Z

elsif destination= 112
then call LAB

elsif destination= 132
then call A_000084

elsif destination= 144
then call A_000090

else !P externalbranch var a); call Z~ end

Figure 5 lists the metrics for the raw WSL transla-
tion and after automatic restructuring and simplifying
transformations have beenapplied. The meaning of
these metrics is as follows:

Statemen ts total number of WSL statemerts, includ-
ing compound statemerts;

Expressions total number of WSL expressions,in-
cluding compound expressiongthese two actually
court the number of nodesin the parsetree);

Metric Raw WSL  Structured WSL
Statemerts 561 106
Expressions 1,589 210
McCabe 184 17
Control/Data Flow 520 156
Branch{Lo op 145 17
Structural 6,685 751

Figure 1. Metrics Before and After Transform-
ation

McCab e Cyclomatic Complexit y measures the
complexity of a module's decisionstructure. It is
the number of linearly independert paths through
the program;

Control/Data Flow total number of variable ac-
cessesand updates plus procedure calls and
branches;

Branc h{Lo op total number of loops (do ::: od,
while and for loops) plus procedure calls and
branches;

Structural a \weighted sum" over the parse tree

where nodesare given weights ranging from 1 (for
simple expressions)to 10 (for branches).

6 Formal Program Transformation

The rst stagein the transformation processis Data
Translation. This transformation usesthe restructured
data Te to change the data represeration in the
program. Initially all data is accesseddirectly from
memory (represerted as the byte array a) by adding
the baseregister to the displacemen to get an address.
The restructured data Te givesthe layout of all data
in memory, soby making somereasonableassumptions
about non-overlapping DSECTS etc., Fermar is able
to transform the program into an equivalent program
where the data is accessedlirectly through variables
and structures. For example, the \raw WSL" state-
mert;

IP mvo(a[db(WRITEM; r3); 3+ 1]

var a[db(WLAST;r3); 3+ 1]);

is transformed into the simple assignmert:
WLAST := WREC.WRITEM

In the caseof our simple program, there is only one
structure to uncover: the WREC print record which
cortains "elds WRITEM, WRTYPE and WRQTY plus
someunnamed llers. Seethe generatedC header e
in Section12.



The next stage is control °ow restructuring: elim-
inating non-essetial labels and branches, intro ducing
loops. This is carried out in a seriesof passeshrough
the program, at ead iteration the program is seartied
for points where a simplifying transformation (such as
loop insertion or branch merging) can be applied. The
iteration is continued until no further improvemert can
be achieved.

The system then analysesthe remaining actions to
determine which actions may form the body of a simple
procedure. To do this it usesboth cortrol °ow and
data °ow analysis. If it determinesthat a collection
of actions form a procedure, then these actions are
extracted out as a sub-action system in the body of
the procedure.

After control °ow restructuring we have data °ow
analysis: in particular an extended form of constarn
propagation which can propagate return addresses
through procedure calls. If a dispatch call is en-
courtered with a known destinationvalue, then it can
be unfolded and simpli ed. The sametransformation
also deals with conditional assignmeits to the condi-
tion code (cc) in order to remove referencego ccwhere
possible.

Fermall was able to extract a collection of actions
to form the ENDGROUP procedure, so that action
A_00006Cbecomes:

A_00006C *
r10:= 112; ENDGROUR); call dispatchend

Fermal determinesthat the value in r10 will be copied
into destination by the body of ENDGROUR so this
call dispatchcan be replacedby call LAB.

The cortrol °ow and data °ow restructuring trans-
formations are iterated until no further improvemert
is possible. The result is typically a dramatic im-
provemert in all the metrics, for our sample program
Figure 5 comparesthe before and after values of the
metrics. This order of magnitude improvemern in
most of the metrics is typical for all sizesof assenbler
module.

A fundamental attribute of the Fermall workbench
is that its transformations are all mathematically
proven to presene the semarics of the subject pro-
gram. The programmer canbe con dent that the WSL
program after transformation is functionally equival-
ernt to its original form. Redundarnt code and vari-
ables can safely be removed, \spaghetti" code can be
straightened out, and the program simplied and its
maintainability improved. Given the large number
of transformations applied in the migration process

(typically in the hundredsif not thousands), con dence
in the correctnessof ead transformation is essetal.

7 WSL to C Translation

The nal step is to generate C code from the struc-
tured WSL. This may involve further transformations
to eliminate WSL features which cannot be directly
implemented in C, or to meet customers'requiremerts
on the C layout or features used. For example, some
customersdislike break statemerts. These are intro-
duced to implement the exit from the middle of a
do ::: od loop. If they are not required, then a trans-
formation can be applied to transform the do ::: od
loop to an equivalent while loop, if necessarywith an
assaiated °ag. Thesetransformations alsoimplement
assignmems and conditions as memmovand memcmp
callswherenecessaryand corverted somefunction calls
to procedurecalls which return the result via a pointer
passedas a parameter.

See Section 13 for the C code of our example. It
should be emphasizedat this point that the C codein
Section 13 was generateddirectly from the assenbler,
with no manual intervention required.

Note that two procedures(void functions) have been
extracted: endgroup_p and writeone_p . Their names
are derived from the original assenbler labels. Fermar
has been able to restructure the code so that there
is only one place where the °ag xswl is set (which
represens the °ag SW2 in the pseudaode), and one
place where the code to processa record is called.
Hencethere was no needto create a C function for the
assenbler subroutine PROCGRRote that the dispatch
routine hasbeeneliminated, ashasthe ccvariable. All
branches have beeneliminated and replaced by struc-
tured code. Many register operations (such as saving
and restoring return addresses)and other redundant
operations have beenremoved.

Other features of the generated C code which are
important for maintainabilit y:

2 gotos are eliminated where possible, without in-
creasing the complexity of the code. If required
by the customer, any remaining gotos can also
be eliminated automatically by introducing extra
variables or function calls.

2 Data is accessedy simple operations (with casts
addedwhere necessary),more complex data oper-
ations are implemerted as memmoyenemcmgalls.

2 C cortrol structures are usedwherewer appropriate
(if statements, while and repeat loopsetc.)



2 The module is automatically restructured into a
collection of procedures,where eat procedurehas
a single entry point and a single exit point. Each
procedure always returns to the call site: non-
standard termination of a procedureis indicated
by setting an exit °ag variable.

2 A \translation report" is generatedfor each mod-
ule listing metrics for ead function, dead code
candidates, variables which are accessedoutside
their declaredsize (these accessesay fail to work
if the data structures are reordered), and other
useful information.

2 EXEICScalls are translated into the appropriate
C code.

2 Appropriate C code can be generatedfor userand
systemmacros(in the casewherethe systemdoes
not simply translate the macro expansion)

2 Pointer addressing,casting and dereferencingop-
erators are added automatically: this ensuresthat
the C code will compile correctly with no errors or
warnings. For example, if we add 3 to register 4
and load the fullword stored at that address,the
C code will read: *(FWORD)(regs.r4 + 3), i.e.
add 3 to register 4, cast the result to a fullword
pointer, and dereferenceit. On the other hand,
if savearea is declared as an array of fullwords
and the assenbler loads bytes 9 to 12 inclusive of
savearea into register 5 then the C code will read
regs.r5 = saveareal2] .

2 Fields in a DSECT are accessediia the appropri-
ate DSECT pointer, egfoo->bar.baz

8 A Mass Migration Exercise

As an experimert to test the scalability of the trans-
formation approac to industrial code we selectedat
random, 1,925 assenbler listing Tes for a mass mi-
gration exercise. Apart from a handful of test Tles,
these are all live code taken from more than a dozen
large commercial assenbler systems,mostly from large
“nancial institutions. The Tes contained containing a
total of 5,884,620ines, of which 3,090,548~ere source,
copybook or macro expansionlines and the remainder
were pageand Te headersand crossreferencetables.

The Tes were processedautomatically by a cortrol
program which usedtwo 200MHz Sparc processorsto
translate each module to WSL, apply transformations
to the WSL code and translate the WSL to C. The
experimernt completed successfullyafter 4 days and 18
hours of elapsedtime. Every module was successfully
migrated to C, and every generated C Te compiled

with no warnings or errors. We did not, howewer,
manually chedk the semarnics of eah generated Te
against the original assenbler!

The generatedC Tes would still require somework
regarding ‘Te handling etc., depending on whether the
customerwanted to migrate to a di®erert ervironment.
Much of this work can be automated. In addition,
the user needsto ched for FIXMEcommerns in the
generatedC code which indicate areaswherethe trans-
lated code may be incorrect (for example,an EXecute
instruction whereFermal cannot determine at compile
time which instruction will be executed).

The overall performancewas about 600 KLOC/da y
per CPU, or about 7 minutes CPU time per assenbler
module. Note howewer that processingtimes vary
widely, depending on the Te corntents. Short Tes and
“les consisting mostly of data declarations can take
lessthan a minute ead, while larger Tes with lots of
executablecode cantake an hour or more. In our case,
the times ranged from 2 secondsto 20,473seconds(5
hours 41 minutes) with an average of 398 seconds(6
minutes 40 seconds).

A total of 1,132,278lines of C code were generated,
of which 179,138 lines are data initialisation code,
plus a further 1,232,156lines of header Tes in 7,793
C header les. Each assenbler module generated a
header Te for local data plus header Tes for eath of
the DSECTs it referenced.

9 Conclusion

This work clearly shav that Assenbler to C migration
using the Fermall Workbend is a practical solution to
the high costsand skills shortagein assenbler mainten-
ance and to the problem of migrating legacy systems
away from the mainframe environment.
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11 The Assembler Source

* TSTO004A0 SAMPLEPROGRA(WICDONALDS)

*

REGEQU

*

* PRINT NOGEN
TSTO04A0CSECT

ST™M
LR

R14,R12,12(R13)
R3,R15

USINGTSTO04A0,R3

ST
LA
ST
LA

R13,WSAVE+4
R14,WSAVE
R14,8(R13)
R13,WSAVE

OPEN (DDIN,(INPUT))
OPEN (RDSOUT,(OUTPUT))

MvC
BAL
BAL
MvC
BAL
BAL

LAA

LAAA B

LAB

LAC

LAD CLI

LADA

LADB CLI

LADC EX
*WMVC1 MVC
BAL

WPRT(17),=CL17'MANAGEMBRHPORT"

R10,WRITE1
R10,WRITE1
WPRT(20),=CL20'ITEM
R10,WRITE1
R10,WRITE1

XSW1,0
*

DDIN,WREC
WRITEM,WLAST
LAC

LAB
R10,ENDGROUP
LAAA+1,0
WLAST,WRITEM
WNET,=P'0'
R10,PROCGRP
XSW1,X'FF'

LAA
R10,PROCGRP
XSW1,X'FF'

LAA

XSW1,X'FF
LADA
R10,ENDGROUP
*

WPRT(17),=CL17NUMBEGHANGES '
WORKB,WCHANGE
R4,WORKB

R1,9

0(R4),C'

LADC

R4,1(R4)

R1,LADB
R1,WMVC1
WPRT+17(1),0(R4)
R10,WRITE1

CLOSHEDDIN
CLOSERDSOUT

L
LM
SLR
BR
*
PROCGRFEQU
ST
PACK
CLI
BNE
AP
B
LBA SP
LBB L
BR

R13,WSAVE+4
R14,R12,12(R13)
R15,R15

R14

*

R10,WST10A
WORKA,WRQTY
WRTYPE,C'R'
LBA
WNET,WORKA
LBB
WNET,WORKA
R10,WST10A
R10

NET CHANGE'



ENDGROWRQU  * 12 The Generated C Header File
ST R10,WST10A

MVC WPRT(4),WLAST The C headerand source les are as generatedby the
MVl WSIGN,C+ Fermal system,with no manual editing other than
CP  WNET=P0 minor reformatting to t the pagesize.
BNL LCA
MVI  WSIGN,C™' #include <assem.h>
LCA EQU *
MVC WPRT+7(10),=X'40206B2020206B202120' /* EQUatestable */
EDMK WPRT+7(10), WNET
BCTR R1,0 #define laa 78
MVC 0(1,R1),WSIGN #define lada 164
BAL R10,WRITE1 #define procgrp 242
BAL R10,WRITE1 #define endgroup 282
AP WCHANGE,=P'1l' #define Ica 310
L R10,WST10A #define writel 350
BR R10
* I --> CSECT:TST004A0<-- */
WRITEL EQU * static FWORMmsave[18] = {0, 0, 0, 0, O, O, O, O, O,
PUT RDSOUT,WPRT o, 0 0 0 0 0, O, O, O}
MVC WPRT,WSPACES static FWORmst10a;
BR R10 static  struct { /* wrec */
* BYTE writem[4];
WMVC1 MVC WPRT+17(1),0(R4) BYTE UNNAMEDO01,;
* BYTE wrtype;
WSAVE DC 18F'0" BYTE UNNAMEDO002;
WST10A DS F BYTE wrqty[3];
WREC DS 0CL80 BYTE UNNAMEDOO3[70];
WRITEM DS CL4 } wrec;
DS CL1 static BYTE wprt[s0] =" \
WRTYPE DS CL1 "
DS CL1 static BYTE wspaces[80] =" \
WRQTY DS CL3
DS CL70 static BYTE wlast[4] = ",
WPRT DC CL80" ' static DECIMAL(4, wchange) = "\x00\x00\x00\x0C";
WSPACESC CL80" ' static DECIMAL(4, wnet) = "\x00\x00\x00\x0C";
WLAST DC  CL4%* static DECIMAL(2, worka) = "\x00\xOC";
WCHANGIBC PL4'O! static BYTE workb[10] = {Ox40, 0x20, 0x6B, 0x20, 0x20,
WNET DC PL4'0 0x20, 0x6B, 0x20, 0x21, 0x20};
WORKA DC PL2'0 static BYTE wsign ="'
WORKB DC XL10'40206B2020206B202120' static BYTE xswl = 0x00;

WSIGN DC CL1''
XsSwi DC  X00
*

LTORG 13 The Generated C Code

DDIN DCB DDNAME=DDIN, #include "tst004a0.h

DSORG_:PS' void endgroup_p();
EODAD=LAD, void writel_p();
MACRF=GM —
RDSOUT DCB DDNAME:RDSOUT, FILE *ddin:
DSORG=PS, * .
MACRF=PM FILE *rdsout;
. B FWORD laaa;
END void
main()

regs.r3 = regs.rl5;
wsave[1] 0;
regs.ri4 (FWORDX: wsave;
regs.rl3 = (FWORDX:. wsave;
OPEN(ddin, input);
OPEN(rdsout, output);
memmove(wprt, "MANAGEMEREPORT",17);
writel_p();
writel_p();
memmove(wprt, “ITEM NET CHANGE" 20);
writel_p();
writel_p();
xswl = 0;
for (;;) { /* DOloop 1 *
regs.ro
regs.ri ;
regs.rls = 0;
GET(ddin, &regs.r0, &regs.rl, &regs.rls, &wrec);
if (end_of_file(ddin)) {
break;
} else if ((*(FWORD *)wrec.writem == *(FWORD")wlast
|| flaaa = 1)) {

0;
o



}

if  (*(FWORD*)wrec.writem == *(FWORD")wlast)

} else {
endgroup_p();
f laaa = 0;

*(FWORD)wlast = *(FWORDf)wrec.writem;
zap(wnet, 4, "x0C", 1);

} else {
f laaa = 0;
*(FWORD)wlast = *(FWORDf)wrec.writem;
zap(wnet, 4, "\x0C", 1);

}

wstl0a = regs.rlo0;

pack(worka, 2, wrec.wrqty, 2);

if (wrec.wrtype = 'R
sp(wnet, 4, wnet, 4, worka, 2);
} else {

ap(wnet, 4, wnet, 4, worka, 2);

exit_flag = 0;
xswl = OxFF;
} /* OD*
if (xswl == OxFF) {
endgroup_p();

memmove(wprt, "NUMBERCHANGED ", 17);
ed(workb, 10, wchange, 10);
regs.r4 (FWORD)workb;
regs.ri 9;
for () { /* DOloop 2 */
if (*(BYTE *regsrd ="' 1) {
break;

regs.r4++;

regs.rl--;

if (regsrl ==0) {
break;

}

} /* OD*

memmove((BYTE)((FWORD)wprt + 17), (BYTE *)regs.r4,
((regs.rl & OxFF) + 1));

writel_p();

CLOSE(ddin);

CLOSE(rdsout);

return;

void
endgroup_p()
{

}

wstl0a = regs.rlo;
*(FWORD)wprt = *(FWORDf)wlast;

wsign = '+,

if (dec_less(wnet, 4, "O0C", 1)) {
wsign = '

}

memmove((wprt+ 7),
"\x40\x20\x6B\x20\x20\x20\x6B\x20\x21\x20", 10);

edmk((wprt + 7), 10, &regs.rl, wnet, 10);
regs.ri--;

*(BYTE *)regs.rl = wsign;

writel_p();

writel_p();

ap(wchange, 4, wchange, 4, "x1C", 1);
regs.rl0 = wstl0a;

exit_flag = 0;

return;

void
writel_p()
{

PUT(rdsout, *wprt);
memmove(wprt, wspaces, 80);
exit_flag = 0;

return;



