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Abstract

We present the tool we built as part of aLaboratory Directed Research and Devel opment
(LDRD) project. Thistool consists of acommercially-available, graphical editor front-end,
combined with a back end “dlicer.”

The significance of the tool isthat it shows how to slice across system components. Thisis an
advance from dlicing across program components.
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1 Introduction

The Source Code Assurance Tool is aLaboratory Directed Research and Development (LDRD)
effort. Thisreport presents material on the tool that we built. The larger context of the researchis
available elsewhere. [2]

The purpose of the research isto develop atool that can “dlice” across system components. [1] A
slice, based on a statement, S, of a computer program, P, is the set of statementsin P that are the
transitive closure of statements that are data- or control-flow dependent on S. When dlicing was
first introduced, the focus was on dlicing within functions. A commercial product, CodeSurfer,
has expanded that ability to be able to slice on entire programs. Our research isto take that one
step further and slice on independent programs that constitute a system. For example, if program
A generates afile that is read by program B, and if neither A nor B are given any indication of
the other’s identity, then it is not possible to slice across them because the semantics do not exist
in the programs. The system, as such, existsin some other program or human operator. The
intent of our tool isto enable slicing across systems.

We built atool that combines a commercially-available graphical editor, Tomahawk, from Tom
Sawyer Software [4] and adlicing engine. Theintent of the tool isto enable dlicing across system
components, as opposed to within a single executable image.

2 Mode

The tool is based on the following model. A system is assumed to consist of nodes (executable
elements) and arcs (communication elements).

For each node there is associated exactly one file consisting of source code, divided into lines.
For each arc there is exactly one source node and exactly one target node. Each arc has an “ edge
association element” (EAE) for the arc’s source node and a second and distinct EAE for thearc’'s
target node. The EAE for the arc’s source node identifies the source code lines which, if “active,”
will cause output to be generated on the arc. Similarly, the EAE for the arc’s target node
identifies the source code lines which will become activated when output is generated on the arc.
In thisway the pair of EAE’s associated with an arc associate lines of source code in onefile
with lines of source code in a second file.

Figure 1 shows the system elements discussed above. The Node, labeled “1” of the Figure has
one incoming arc, labelled “A,” and one outgoing arc, labelled “B.” The source code file
associated with Node 1 is named “Filel.” There is also dependence information associated with
Filel. This dependence information answers the following question for any given line, X, of the
file: if line X is given control, what other lines are subsequently given control? The source code
lines of Filel associated with arc A arelines 1, 2, and 3. The source code lines of Filel



associated with arc B arelines 4 and 5.

Figure 1. System Elements.
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When input isreceived on arc A, lines 1, 2, and 3 of Filel are considered “active.” The slicing
engine then uses the dependence information for Filel and performs atransitive closure, starting
with lines 1, 2, and 3. In other words, the slice engine determines all of the lines of Filel that
will be given control if lines 1, 2, and 3 are given control. For explanatory purposes let the
transitive closure be the set S of source code lines. The slicing engine then determines, for each
outgoing arc, if the source code linesin the EAE for that arc intersect set S. If they do, then that
arc is considered active and output is generated on it.

Figure 2 shows a simple system, with nodes 1 through 5 and arcs A through E. The user first
marks nodes as “active,” then the user starts the dlice. Let us assume that the user marks only
node 1 as active and that every active node generates output on all of its arcs. When the slice
begins, output is generated on arc A, making node 2 active. Node 2, in turn, makes nodes 3 and 4
active. Node 3 makes node 5 active. Node 5 generates no output, so this branch of the slice ends
here. Node 4 sends output to node 2 but since node 2 is already active, node 2 does not generate
another output, ending this branch of the slice. Since this was the last branch of the slice, the



dlice terminates.

Figure 2. A Simple System.
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The system shown in Figure 2 is simple primarily because of the low degree of each node. Asthe
degree increases, the possibilities increase for the complexity of the function performed by a
given node.

Tomahawk is a sample graph editor provided by Tom Sawyer Software, Inc., the makers of the
Graph Editor Toolkit and Graph Layout Toolkit. Using Tomahawk, the user can create nodes and
arcs, label them and re-arrange them on the screen. To accommodate the slicing engine we added
menu items to Tomahawk that allow the user to specify the following:

» the source file associated with each node,

» the EAE for each arc (one EAE for the node that is the source of the arc and a second EAE for
the node that is the target of the arc),

» the active nodes,
» that adliceisto begin.

When a dlice begins, the dlicing engine computes the slice, following the procedure outlined
above, changing the appearance of each arc and node that is activated.

The connection between the front-end graph editor and back-end slice engine required only a
few additions to the graph editor menus. To the background menu we added two items: “ delete
al eae’'s,” and “dice” To the menu for each node we added two items: “edit ea€’s,” and
“activate” Theformer, “edit eae’s,” has submenus that enable the user to add, delete, and list the



eae’s for the current node. Figure 3 shows a screenshot of some of the menu items.

Figure 3. A Screenshot.
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3 Dependence Graphsand Slicing

The slice engine is written in Java and is shown in Appendix A. In this section we explain two of



the fundamental parts of the engine: how the slice engine uses dependence graphs and how it
glices.

3.1 Dependence Graphs

For the dlice engine, dependence graphs are ASCI| files with the grammar, described herein
BNF:
dependence_graph :: input_line | input_line dependence_graph
input_line :: head number : linenumber_set
head _number :: [inenumber
linenumber_set :: linenumber | linenumber linenumber_set
linenumber :: integer
integer :: non_zero_digit | non_zero_digit any_integer
non_zero digit::1|2|3|4]|5|6|7]8]9
any_integer :: any_digit | any_digit any_integer
any_digit :: 0| non_zero_digit

So, for example, thefile
3:25
5:639

Indicates that line numbers 2 and 5 are dependent on line 3. That is, if line 3 is active, then lines
2 and 5 will aso be active. Similarly, lines 6, 3, and 9 are dependent on line 5. Soif line5is
active, then lines 6, 3, and 9 will also be active.

Note that this structure is based on line numbers, not statements.

The slice engine requires a dependence graph for each source code file (and the engine requires
exactly one source code file for each node).

It is up to the user to construct the dependence graph information. This could be automated by
the use of atools such as CodeSurfer from GrammarTech. [3] However, the generality of the slice
engine we have constructed enables dicing on regular text files—the files do not have to be
written in a computer language such as C or Java. This enables the user to specify the
functionality of agiven nodein anatural language.
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Appendix A Slice Engine
This Appendix shows the Java source code for the slice engine.

Included here are the files that constitute the slice engine:

* Icjava --the list controller

* nl.java --the node list

* ¢ejava --the edge list

* nlejava --anode list element

* dejava --an edge list element

* eaejava --an edge association element
e dor.java --dependence graph reader

» avallNumber.java --provides unique integers

The slice engine consists of asingle object of type list controller class, and many objects of the
following types: node list, edge list, node list element, edge list element, and edge association
element.

The object of type list controller class containsalist of nodes and alist of edges. The node list
class contains alist of node list elements. Each node list element has a nodeNumber, for
example. The edge list class contains alist of edge list elements. Each edge list element has an
edgeNumber, for example. Each edge list element also has alist of edge association elements
(EAES).

All method invocation comes through the list controller. The list controller passes the message
on to the appropriate node or edge list, which in turn may passit on to a particular node or edge.

Thelist controller class (file “Ic.java’) isthetop level class for the slice engine. Thelist
controller contains alist of nodes and alist of edges.

The node list class (file “nl.java’) contains alist of nodes and methods that operate on them. For
example, addNode, removeNode, doesNodeExist, loadDg (i.e., load a dependence graph) for a
given node, and slice. The slice method gives every node an opportunity to slice at most once.

The edge list class (file “el.java’) contains alist of edges and methods that operate on them. For
example, addEdge, removeEdge, removeAdjacentEdges, isDuplicateEdge, doesEdgeExist,
isEdgeAdjacentToNode, isEdgeActive, and setEdge (i.e., set an edge to active or inactive).

The node list element class (file “nlejava’) contains the data for a particular node. That data
includes a node number, alist of incoming EAES, alist of outgoing EAES, and a dependence
graph for the node. This class contains the performSlice method that performs the slice function
on the given node.
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The edge list element class (file “elejava’) contains the data and methods for a given edge. The
data includes edgeNumber, sourceNodeNumber, and targetNodeNumber, and finally isActive.
The methods include getEdgeNumber, getSourceNodeNumber, getTargetNodeNumber, isActive,
and setEdge (i.e., set isActive).

The edge association element (file “eae.java’) contains the data for an edge association element.
The dataincludes an eaeNumber, a nodeNumber, an edgeNumber, and a startLineNumber and an
endLineNumber. The last two fields indicate a set of contiguous source code lines of thefile
associated with nodeNumber.

A.llcjava

package slice_engi ne;
i mport java.util.*;
/1 list controller;
/1 creates and controls the node list and edge |ist;
public class Ic
{
private final nl nodeli st;
private final el edgelist;
static I c instance = null;
/1 constructor

public lc ()

{
if ( instance !'= null )

Systemexit(1l);

i nstance = this;
nodeLi st = new nl ();
edgeLi st = new el ();

}

public void addNode( int nodeNunber )
{ nodelLi st. addNode ( nodeNunber, edgeList ); }
public void renoveNode( int nodeNumnber )
{
edgelLi st. renmoveAdj acent Edges ( nodeNumber, nodelist );
nodelLi st.renmoveNode ( nodeNunber, edgelist );
}
public void printNodeLi st ()
{ nodelLi st. print NodeLi st( edgeList ); }
public void activateLine ( int nodeNunmber, int l[ine)
{ nodelLi st. activateLine ( nodeNunber, line ); }
public void slice()
{ nodelList.slice( edgeList ); }
publ i c bool ean doesNodeExi st( int nodeNumber )
{ return ( nodeli st.doesNodeExi st ( nodeNunber )); }
public void |l oadDg ( int nodeNunber, String filename )
{ nodelLi st.|oadDg ( nodeNumber, filename ); }
public void addEae(
int nn, int en, boolean isln, int sln, int eln)
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{ nodelLi st.addEae ( edgeList, nn, en, isln, sln, eln); }
public void renoveEae ( int nn, int en, bool ean islnconing )

{ nodelLi st.renoveEae( nn, en, islnconing ); }
public void addEdge( int en, int snn, int tnn)

{ edgeli st.addEdge ( nodelist, en, snn, tnn); }
public void renoveEdge( int edgeNunber )

{ edgelList.renoveEdge ( edgeNunber, nodeList ); }
publ i c bool ean doesEdgeExi st( int edgeNumnber )

{ return ( edgelist.doesEdgeExi st ( edgeNunber )); }
public bool ean isDuplicateEdge( int snn, int tnn)

{ return ( edgelist.isbDuplicateEdge (snn, tnn)); }
publ i c bool ean i sEdgeActive ( int edgeNunber )

{ return ( edgelist.isEdgeActive ( edgeNurmber )); }
public int getSourceNodeNunber( int edgeNunber )

{ return ( edgeli st. get SourceNodeNunber ( edgeNunber )); }
public int getTarget NodeNunber( int edgeNunber )

{ return ( edgelist. get Target NodeNunber ( edgeNunber )); }

A.2nljava

package pl c_engi ne;

i mport java.util.*;

/1 node list, containing node list elements (nle);

/1 each nle consists of two |lists of edge association el ements,
/1 (eae), one for incom ng edges and one for outgoing edges;

/| each eae contains

/1 a unique identifier (an integer),

/1 whet her or not the edge is incomng to the node,

/1 t he edge nunber,

/1 and the start & end |ine nunbers associated with the edge;

/1 the code permts the addition of nodes in any order
/1 the code permts the renoval of nodes whenever;

class nl

{
private final TreeMap nodeLi st = new TreeMap();

static nl instance = null;

R I T
/1l constructor
nl ()
{
if ( instance !'= null )
{
Systemout.println (“error: cannot create new object of type nl”");
Systemout.println (“\tan object of that type already exists”);
Systemexit (1)
}
}
R I T

public void addNode( int nodeNunber, el edgeList )
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if ( nodeNunber < 0 )

{
Systemout.println (“nl: addNode: fatal error”);
Systemout.println (“\tnode “ + nodeNunber + *“ < 0”);
Systemexit(1);

}

if ( doesNodeExist ( nodeNumber ))

{
Systemout.println (“nl: addNode: fatal error”);
Systemout.println (“\tnode “ + nodeNunber + “ already exists”);
Systemexit(1);

}

/1 create new node association |ist
nle n = new nle (nodeNunber);

I nteger a = new I nteger(nodeNunber) ;
nodelLi st. put(a, n);

}
e i
public void renoveNode( int nodeNunmber, el edgeList )
{
if ( nodeList.isEmty() )
{
Systemout.println (“nl: renmoveNode: fatal error”);
Systemout.println (“\tattenpting to renove node *
+ nodeNunber + “, but node list is enpty”);
Systemexit(1);
}
fatal I f NotlnLi st ( nodeNunber, “renoveNode” );
/1 we do not need to recycle the eaes because when we
/1l remove a node, we first renove all of the adjacent
/!l edges and their eaes, so nodeNunber shoul d, at
/1 this point, have no eaes;
/1 halt if any eaes are present;
nle a = getnle ( nodeNunber, “renoveNode” );
a. hal tl f EaesPresent ();
I nteger b = new I nteger(nodeNunber);
nodelLi st. renove(b);
}
e i
publ i c bool ean doesNodeExi st ( int nodeNunber )
{

/1 cannot use getnle here: it would cause a | oop!
I nteger a = new I nteger(nodeNunber) ;
nle b = (nle) nodelList.get(a);

bool ean c;
if ( b==null)
c = fal se;
el se
c = true;

return ( ¢ );
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private void fatallfNotlnList( int nodeNunber, String nsg )

{
if (! doesNodeExist (nodeNunmber) )

{
Systemout.println (“nl: “ + nmsg + “: fatal error”);
Systemout.println (“\tnode “ + nodeNunber + “ not in list");
Systemexit(1l);
}
}
e L

/1 this is howyou set a line to active and get everything rolling;
public void activateLine ( int nodeNunber, int line)

{

nle a = getnle ( nodeNunber, “activateLine”);

a.activateLine ( line );
}
R e R

HashSet slicedNodesTreeSet = new HashSet ();
public void slice( el edgeList )

{
if ( nodeList.isEmty() )
{
Systemout.println (“\t(node list is enpty)”):
return;
}

/1 give each node the opportunity to slice at npbst once;

/1 this may take multiple passes through the Iist of nodes;
/1 on each pass, skip the nodes that have already sliced;
/1 the last pass is the one in which no node sliced;

sl i cedNodesTreeSet . cl ear () ;

bool ean again = true;

while ( again)

{

5

again = fal se

Set s = nodeli st. keySet ();
Iterator a = s.iterator();
while ( a.hasNext() )

{
nle n = (nle) nodeList.get(a.next());
int nn = n.get NodeNunber ();
Integer ¢ = new Integer (nn);
if ( slicedNodesTreeSet.contains(c) )
conti nue;
if ( n.perforntlice( edgeList ) )
{
again = true
sl i cedNodesTr eeSet . add(c) ;
}
}

17



}
e i
private nle getnle ( int nn, String nsg )
{

fatal I fNotInList ( nn, nsg );

I nteger a = new | nteger(nn);

return ( (nle) nodeList.get(a) );
}
e i

/1 load in a new dependence graph, using filenane;
/1 pass in eaeAvail List so that the current eaes for nodeNumnber,
/1l if there are any, can be recycl ed;
public void | oadDg ( int nodeNunber, String filename )
{
nle a = getnle ( nodeNunber, “loadDg”);
a.loadDg ( filename, eaeAvailList );

static avail Nunber eaeAvail Li st = new avail Nunber( “eae”);
public void addEae(

el edgeli st,

int nn, int en, boolean isln, int sln, int eln)

{

i nt neae = eaeAvail Li st. get Nunber () ;

nle a = getnle ( nn, “addkEae” );

a. addEae ( eaeAvail List, neae, en, isln, sln, eln);
}
e i

/1 nodeNunber and sone ot her node, Z, share edge edgeNunber;
/1 edge edgeNunber is about to be renoved, in anticipation of the
/1 renoval of node Z;
/1 we now need to recycle the eae associated with the
/1 incom ng or outgoing edge edgeNunmber in node nodeNunber;
public void renoveEae (

i nt nodeNumber, int edgeNunber, bool ean islnconi ng )

{

fatal I f NotlnLi st ( nodeNunber, “renoveEae” );

nle a = getnle ( nodeNunmber, “renoveEae” );

a.renovekae ( eaeAvail Li st, edgeNunber, islncomng );
}
e i

public int getStartLineNunber( int nn, boolean islncomng, int en)

{

nle a = getnle ( nn, “getStartLi neNunber” );
eae b = a.getEae ( en, islncomng );
int ¢ = b.getStartLi neNunber();

return ( ¢ );

public int getEndLi neNunber( int nn, boolean islncomng, int en)

18



nle a = getnle ( nn, “getStartLineNunber” );

eae b = a.getEae ( en, islnconing );

int ¢ = b.getEndLi neNunber () ;

return ( ¢ );
}
L e e R
}
A.3€d.java

package slice_engi ne;

i mport java.util.*;

/1 maintain the edge |ist;

/1 eleList is alist of edge list elenments (ele)

/1 we require that source and target node nunbers be
/1 given when the edge is created

/1 the source and target nunbers may not be changed;

cl ass el

{
private final TreeMap el eList = new TreeMap();

static el instance = null;

e
/1 constructor
el ()
{
if ( instance !'= null )
{
Systemout.println (“error: cannot create new object of type el”);
Systemout.println (“\tan object of that type alread exists”);
System exit (1)
}
instance = this;
}
e

/1 we require that both the source node nunber (snn) and the
/1 target node nunber (tnn) exist at the tinme of the edge's
/1 creation; that is, nodes are created before edges;
/1 we also check to make sure that there is not already
/1 an edge between snn and tnn
public void addEdge( nl nodeList, int en, int snn, int tnn)
{
hal t OnBadEdgeNunber (en);
hal t OnBadNodeNunbers ( nodelLi st, snn, tnn );
hal t OnDupl i cat eEdge( snn, tnn );
if (islnList ( en))
{
Systemout.println (“el: addEdge: fatal error”);
Systemout.println (“\tedge nunber “ + en + “ already exists”);
System exit (1)
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}

/1l create new edge el ement

ele e = newele (en, snn, tnn);
I nteger a = new | nteger(en);

el eList.put(a, e);

/1l renmoving an edge al so involves renovi ng
/1l the associated eaes, if any;
public void renoveEdge( int edgeNunmber, nl nodeList )

{
if ( eleList.isEmpty() )
{
Systemout.println (“el: renmoveEdge: fatal error”);
Systemout.println (“\tedge list is enpty”);
Systemout.println (“\t(attenpting to renove edge “ + edgeNunber );
Systemexit(1);
}
hal t OnBadEdgeNunber (edgeNunber);
hal t1fNotlInLi st ( edgeNunber, “renoveEdge” );
I nteger a = new I nteger (edgeNunber) ;
ele e = (ele) elelList.get (a);
int snn = e. get Sour ceNodeNunber () ;
int tnn = e.get Tar get NodeNunber () ;
/1 “false” inplies the edge is outgoing from node snn
/'l renmove eae on edge outgoing from node snn
nodeli st.renoveEae (snn, edgeNunber, false);
/'l renmove eae on edge incomng to node snn;
nodeli st.renoveEae (tnn, edgeNumber, true);
/1 now renove the edge;
el eLi st.renove(a);
}
e i

/! we are about to renbve node nn;
/'l renmove all edges adjacent to nn;
public void renoveAdj acent Edges ( int nn, nl nodeList )
{
HashSet edgesToBeRenpbved = new HashSet () ;
Set s = elelList.keySet();
Iterator a = (lterator) s.iterator();
while ( a.hasNext() )

{
Integer b = (Integer) a.next();
int ¢ = b.intValue();
ele e = (ele) eleList.get (b);
int snn = e. get Sour ceNodeNumnber () ;
int tnn = e.get Tar get NodeNunber () ;
if ( (snn ==nn) || (tnn == nn ))

edgesToBeRenoved. add(b) ;
}

/1 we have collected the edge nunbers of
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/1 each edge that needs to be renoved,;

/1 now we renpve them

a = (lterator) edgesToBeRenoved.iterator();
while ( a.hasNext() )

{
Integer b = (Integer) a.next();
int ¢ = b.intValue();
renoveEdge(c, nodelist);
}
}
e L
private void halt OnBadEdgeNunber ( i nt edgeNunber )
{
if ( edgeNumber < 0 )
{
bad = true;
Systemout.println (“el: haltOnBadEdgeNunber: fatal error”);
Systemout.println (“\tedge “ + edgeNunber + “ < 0");
Systemexit(1l);
}
}
e L

private void halt OnBadNodeNunbers( nl nodeList, int nnO, int nnl)
{

bool ean bad = fal se;
if (! nodelList.doesNodeExist ( nnO ))

{

bad = true;

Systemout.println (“(el: haltOnBadNodeNunbers)”)

Systemout.println (“fatal error:”);

Systemout.println (“\ttrying to create edge from node *“

+ nn0 + “ to node “ + nnl);

Systemout.println (“\tbut node “ + nn0 + “ does not exist”);
}

if (! nodelList.doesNodeExist ( nnl ))

bad = true;
Systemout.println (“(el: haltOnBadNodeNunbers)”)
Systemout.println (“fatal error:”);
Systemout.println (“\ttrying to create edge from node *“
+ nn0 + “ to node “ + nnl);
Systemout.println (“\tbut node “ + nnl + “ does not exist”);
Systemout.println (“\tnode “ + nnl + “ does not exist either”);
}
if ( bad)
Systemexit(1l);

/1 halt if duplicate edge
/1 (one with same source and destination nodes)
/1 is attenpting to be created;
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private void halt OnDuplicat eEdge( int xsnn, int xtnn )
{
Set s = elelList.keySet();
Iterator a = (lterator) s.iterator();
while ( a.hasNext() )
{
I nt eger

b (I nteger) a.next();
int c =D
(

.intVvalue();

ele) elelList.get (b);

int snn e. get Sour ceNodeNunber () ;
int tnn e. get Tar get NodeNunber () ;

if ( (snn == xsnn) && (tnn == xtnn ))

{

ele e =

Systemout.println (“el: haltOnDuplicateEdge: fatal error”);
Systemout.println (“\tattenpting to create new edge”);
Systemout.println

(“\tbut existing edge “ + e.get EdgeNunber () +
“ has sane source & destination nodes”);
Systemout.println (“\t(source node “ + snn +
Systemout.println (“\t(target node “ + tnn +
Systemexit(1);

‘)7
)y

/1 return true if duplicate edge exists, false otherw se;

/1 (a duplicate edge is one with matching source and destination
/!l node nunbers);

public bool ean isDuplicateEdge( int xsnn, int xtnn)

{
Set s = elelList.keySet();
Iterator a = (lterator) s.iterator();
while ( a.hasNext() )
{
Integer b = (Integer) a.next();
int ¢ = b.intValue();
ele e = (ele) eleList.get (b);
int snn = e. get Sour ceNodeNunber () ;
int tnn = e.get Tar get NodeNunber () ;
if ( (snn == xsnn) && (tnn == xtnn ))
{
return ( true );
}
}
return ( false );
}
e i
private bool ean islnList( int edgeNunber )
{

/1 cannot use getnle here: would result in |oop!
I nteger a = new I nteger(edgeNunber);
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ele b = (ele) eleList.get(a);
boolean ¢ = (b I'= null);
return ( ¢ );

private void haltlfNotlnList( int edgeNunber, String nmsg )

{
if (! islnList (edgeNunber) )

{
Systemout.println (“el: “ + nmsg + “: fatal error”);
Systemout.println (“\tedge “ + edgeNunber + “ not in list”);
Systemexit(1l);
}
}
e L
private ele getEleHard ( int en, String nsg )
{
hal t1fNotlnList ( en, nsg );
Integer a = new I nteger(en);
return ( (ele) eleList.get(a) );
}
e L
public bool ean doesEdgeExi st( int edgeNunber )
{
return ( islnList ( edgeNunber ));
}
e L
public bool ean i sEdgeActive( int edgeNunber )
{
ele e = getEl eHard( edgeNunber, “isEdgeActive”);
return ( e.getlsActive () );
}
e L
public void setEdge( int edgeNunber, bool ean setting )
{
ele e = getEl eHard ( edgeNunber, “setEdgel nactive” );
e.set Edge ( setting );
}
e L
public int getSourceNodeNunber( int edgeNunber )
{
ele a = getEl eHard ( edgeNumber, *“get SourceNodeNunber” );
return ( a.get SourceNodeNunber());
}
e L
public int getTarget NodeNunber( int edgeNunber )
{
ele a = getEl eHard ( edgeNunber, *“get Target NodeNunber” );
return ( a.get Target NodeNunber());
}
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A.4nlejava

package slice_engi ne;

i mport java.util.*;

/1 node list, containing node list elements (nle);

/1 each nle consists of two lists of edge association el ements,
/1 (eae), one for incom ng edges and one for outgoing edges;

/] each eae contains

/1 a unique identifier (an integer),

/1 whet her or not the edge is inconming to the node,

/1 t he edge nunber,

/1 and the start & end |ine nunbers associated with the edge;

e i R
class nl

{

private final TreeMap nodelLi st = new TreeMap();
static nl instance = null;

I e e L
/1 constructor
nl ()
{
if ( instance !'= null )
{
Systemout.println (“error: cannot create new object of type nl”);
Systemout.println (“\tan object of that type already exists”);
Systemexit(1);
}
}
I e e L
public void addNode( int nodeNunber, el edgeList )
{
if ( nodeNunber < 0)
{
Systemout.println (“nl: addNode: fatal error”);
Systemout.println (“\tnode “ + nodeNunber + “ < 0");
Systemexit(1);
}
i f ( doesNodeExi st ( nodeNumber ))
{
Systemout.println (“nl: addNode: fatal error”);
Systemout.println (“\tnode “ + nodeNunber + “ already exists”);
Systemexit(1);
}
/1 create new node association |ist
nle n = new nle (nodeNunber);
I nteger a = new I nteger(nodeNunber);
nodelLi st. put(a, n);
}
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public void renoveNode( int nodeNunber, el edgeList )

{
if ( nodeList.isEmty() )

{
Systemout.println (“nl: renmoveNode: fatal error”);
Systemout.println (“\tattenpting to renove node *
+ nodeNunber + “, but node list is enpty”);
Systemexit(1l);

}

fatal | fNotInList ( nodeNumber, “renobveNode” );

/1 we do not need to recycle the eaes because when we
/1 renove a node, we first renove all of the adjacent
/1 edges and their eaes, so nodeNunber shoul d, at

/1 this point, have no eaes;

/1 halt if any eaes are present;

nle a = getnle ( nodeNunber, “renpoveNode” );

a. haltl|fEaesPresent();

Integer b = new I nteger (nodeNunber);
nodelLi st. renmove(b);

}
e i
public bool ean doesNodeExi st ( int nodeNunber )
{
/1 cannot use getnle here: it would cause a | oop!
I nteger a = new I nteger (nodeNunber);
nle b = (nle) nodeList.get(a);
bool ean c;
if ( b ==null)
c = fal se;
el se
c = true;
return ( ¢ );
}
e i

private void fatallfNotlnList( int nodeNunber, String nsg )

{
if (! doesNodeExi st (nodeNunber) )

{
Systemout.println (“nl: “ + nmsg + “: fatal error”)
Systemout.println (“\tnode “ + nodeNunber + “ not
Systemexit(1l);
}
}
e e

/1 this is how you set a line to active and get everything rol
public void activateLine ( int nodeNunber, int line)

{

nle a = getnle ( nodeNunber, “activateLine”);
a.activateLine ( line );
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HashSet slicedNodesTreeSet = new HashSet ();
public void slice( el edgeList )

{
if ( nodeList.isEmty() )
{
Systemout.println (“\t(node list is enpty)”);
return;
}
/1 give each node the opportunity to slice at nost once;
/1 this may take multiple passes through the Iist of nodes;
/1 on each pass, skip the nodes that have already sliced;
/1 the last pass is the one in which no node sliced;
sl i cedNodesTreeSet . cl ear () ;
bool ean again = true;
while ( again )
{
again = fal se
Set s = nodeli st. keySet ();
Iterator a = s.iterator();
while ( a.hasNext() )
{
nle n = (nle) nodeList.get(a.next());
int nn = n.get NodeNunber () ;
Integer ¢ = new Integer (nn);
if ( slicedNodesTreeSet.contains(c) )
conti nue;
if ( n.perforntlice( edgeList ) )
{
again = true
sl i cedNodesTreeSet . add(c);
}
}
}
}
e i
private nle getnle ( int nn, String nsg )
{
fatal I fNotlnList ( nn, nsg );
I nteger a = new | nteger(nn);
return ( (nle) nodeList.get(a) );
}
e i

/1 load in a new dependence graph, using filenane;
/1 pass in eaeAvail List so that the current eaes for nodeNunber,
/1l if there are any, can be recycl ed;
public void | oadDg ( int nodeNunber, String filename )
{
nle a = getnle ( nodeNunber, “loadDg”);
a.loadDg ( filename, eaeAvailList );
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static avail Nunber eaeAvailLi st = new avail Nunber ( “eae”);
public voi d addEae( el edgeList, int nn, int en, booleanisln, int sln, int eln)
{

i nt neae = eaeAvail Li st. get Nunber ();

nle a = getnle ( nn, “addEae” );

a. addEae ( eaeAvail List, neae, en, isln, sln, eln);

/1 nodeNunber and sone other node, Z, share edge edgeNunber

/1 edge edgeNunber is about to be renmoved, in anticipation of the
/!l renoval of node Z;

/1 we now need to recycle the eae associated with the

/1 incom ng or outgoing edge edgeNunber in node nodeNumber

public void renoveEae ( int nodeNunber, int edgeNunber, bool ean islncomng )

{
fatal | fNotInList ( nodeNunber, “renoveEae” );

nle a = getnle ( nodeNunber, “renpbveEae” );
a.removeEae ( eaeAvail List, edgeNunber, islncomng );

public int getStartLineNunmber( int nn, boolean islnconming, int en)

{

nle a = getnle ( nn, “getStartLineNunber” );

eae b = a.getEae ( en, islnconing );

int ¢ = b.getStartLi neNunber();

return ( ¢ );
}
R e R

public int getEndLi neNunber( int nn, boolean islncomng, int en)
{

nle a = getnle ( nn, “getStartLineNunber” );

eae b a.getEae ( en, islnconming );

int ¢ = b.getEndLi neNunber () ;

return ( ¢ );

A5 elejava

package slice_engi ne;
i mport java.util.*;
/1 edge |ist elenent;
public class ele
{
private bool ean isActive = fal se;
private final int
edgeNumnber,
sour ceNodeNunber,

27



t ar get NodeNunber ;
/1 constructor
ele( int en, int snn, int tnn)

{
edgeNunmber = en;
sour ceNodeNunber = snn;
t ar get NodeNunber = tnn;
}

public void set Edge( boolean s ) { isActive =s; }
public bool ean getlsActive() { return isActive; }
public int get EdgeNunber () { return edgeNunber; }
public int get SourceNodeNunber() { return sourceNodeNunber; }
public int getTarget NodeNunber() { return target NodeNunber; }

A.6 eaejava

package slice_engi ne;
i mport java.util.*;

/1 edge association el ement

cl ass eae
{
private final bool ean islnconing;
private final int eaeNunber,
nodeNunber,
edgeNumnber,
startLi neNunber,
endLi neNumber ;
eae( int eaen, int nn, int en, boolean isln, int sln, int eln)

{
eaeNunber = eaen;
nodeNunber = nn;
edgeNumber = en;
i sl ncom ng = isln
startLi neNunber = sln;
endLi neNumnber = eln;
}

public int get EaeNunmber() { return eaeNumnber; }

publ i c bool ean getlslnconing() { return islncomng; }
public int get EdgeNunber() { return edgeNunber; }

public int getStartLineNunber() { return startLineNunber; }
public int getEndLi neNunmber () { return endLi neNunber; }

A.7 dgr.java

package slice_engi ne;
i mport java.util.?*;
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/] data graph reader

cl ass dgr

{
private TreeMap dgTreeMap
private String fil ename;
private int |ineNunber = 0;

e e
/1 constructor
dor() { }
e e
public TreeMap createDg ( String xfilenane )
{
filename = xfil enane;
dgTreeMap = new TreeMap();
try
{
Buf f eredReader in = new BufferedReader
(new Fi |l eReader (filename));
String line;
while ((line = in.readLine()) !'= null )
{
[ i neNunmber ++;
parseLine ( line);
/1 add final item
finishParsing ( line);
in.close();
}
catch (1 OException ioe)
{
Systemout.println(“dgr: fatal error:”);
Systemout.printin(“\tlOerror: “);
Systemout.println(“\t” + ioe);
Systemexit(1l);
}
return ( dgTreeMap );
}
e e
/1 syntax of input file (whitespace delinited):
/1
[l input_line :: head_nunber “:” |inenunber_set
/1 head_nunber :: |inenunber
/1 linenunber_set :: |inenunber | |inenunber_set
/1
[l for exanple:
/[l 3: 25
/[l 5: 639

/1 note that new ine characters can appear anywhere

/1 there is whitespace;

/1 it is illegal to have duplicate head_nunbers;

/1 the variable “state” bel ow persists across input |ines
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11

/1 explanation of states (“#” denotes a |inenunber):

/1

/] state i nput action next state
L T Lt
/1

/10 : error -

/1 0 # next Dg 1

/1

/11 : 2

/11 # error -

/1

/1 2 : error -

/1 2 # save 3

/1

/1 3 : next Dg 4

/1 3 # addToDg, save 3

/1

/1 4 : error -

/1 4 # save # 3

/] state transitions

/1 (syntax: <state>/<input>)

/1 (all transitions not shown are errors):

/1 o'# --->1/: --->2/# -+--+->3/: --->4/# --+
x | |
/1 NV \%
x | |
/1 | +-> 3/# ---+ |
x | | |
// S Y Gl Fomm - m - +

private int state = O;

private final String colonString =
private String previ ousToken;
private int elenents = O;

private void parseLine( String line)

{
StringTokeni zer s = new StringTokenizer( line );
int i = 0;
while ( s.hasMreTokens() )
{

String current Token = s. next Token();

i ++;

int k = current Token. conpareTo(col onString);
/1l switch statement noved to left margin to give space at right;

switch ( state )

// k == 0 when token == col on;
case O:

if ( k==0)

{
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Systemout.println( “dgr: error: *);
Systemout.printin (“\tnissing initial head number”);
Systemexit(1);

}
el se
{
// we have initial head nunber;
next Dg (current Token, line);
state = 1;
}
br eak;
case 1:
if (( k==0)
{
/1 we have initial colon;
state = 2;
}
el se
{
Systemout.println( “dgr: error: “);
Systemout.println (“\tmssing initial colon”);
Systemexit(1l);
}
br eak;
case 2:
if (( k==0)
{
Systemout.println( “dgr: error: “);
Systemout.println(“\tduplicate colon”);
Systemexit(1l);
}
el se
{
// we have initial |inenunber;
previ ousToken = current Token;
state = 3;
}
br eak;
case 3:
if (( k==0)
{

/1 we have col on;
if ( elenents <=0 )

{
Systemout.println( “dgr: error: “);
Systemout.println (“\thead nunber but no elenments”);
Systemexit(1l);

}

el enents = 0;

next Dg (previousToken, line);

state = 4;
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el se

{
el ement s++;
addToDg (previ ousToken, line);
previ ousToken = current Token;

}

br eak;

case 4:

/1 this state catches multiple adjacent col ons,

/1 and it re-loads previousToken after state

// 3 used its contents for the new head number;

if (k==0)

“

Systemout.println( “dgr: error:

)

Systemout.println(“\tduplicate colon”);

Systemexit(1);

}

el se

{
/1 and now to | oad previ ousToken agai n;
previ ousToken = current Token;
state = 3;

}

br eak;

defaul t:

Systemout.println( “dgr: internal error
Systemout.println(“\tstate out of range
Systemexit(1);

}  /lwhile

)

“

+ state);

/1l to get the last |ine nunber into the dg;
private void finishParsing( String line)
{ addToDg (previ ousToken, line); }

/1 return the integer corresponding to the input string
private int getintForString ( String a, String line)

\n ”

{

int j =-1;

try

{
j = java.lang.lnteger.parselnt ( a);

}

cat ch ( Nunber For mat Excepti on nfe)

{
Systemout.println(“dgr: error: “);
System out. println(“\tbad nunber:
Systemexit(1);

}
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if (j <1)
{

Systemout.printin(“dgr: error: “);

Systemout. println(“\tnunber out of range: \"”

Systemexit(1l);
}

return ( j );

/1 each dg el ement consists of a TreeMap

/1l the key object is an Integer, whose val ue

/1 is the nunber before the col on

/1 the value object is a Vector, whose el enents
/1 are Integers, whose values are the val ues on
/1 the rest of the line;

/1 exanpl e:
/1 so if this is the input line:
/[l 3: 25
/1 then the key object is the Integer 3,
/1 and the Vector object consists of two
/1 Integer objects, one for 2 and one for 5;
Vect or v,
I nt eger keyobj ;
private void addToDg( String a, String line )
{
int b =getlintForString ( a, line);
Integer ¢ = new Integer ( b );
if (v ==null)
{
Systemout.println(“dgr: internal error: “);
Systemout.println(“\tVector v is null”);
Systemexit(1l);

v.add ( c );

private void nextDg( String a, String line)
{
int b =getlintForString ( a, line);
keyobj = new Integer ( b );
if ( dgTreeMap. contai nskKey (keyobj))
{

Systemout.printin(“dgr: error: *);

Systemout.println(“\tduplicate entries for |ine nunber “

+b o+ ),
Systemexit(1l);
}

v = new Vector();
dgTreeMap. put ( keyobj, v);
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A.8 availNumber.java

/1 this class creates an available list for integers;

/1 the list is initially enpty and the class returns

/1 nunbers starting with 0, 1, ...;

/1 if the list is not enpty, the class will return

/1 nunbers fromthe list, in ascendi ng sequence,

/1 until the list is enpty, whereupon it will continue

/1 to return nunmbers continuing fromthe |ast nunber

// outside the list;

package slice_engi ne;

i mport java.util.*;

I e e L
cl ass avai |l Nunber

{

private final String nane;

private int nextAvail Nunber = 0;

private final TreeSet avail Nunmber Set = new TreeSet ();

I e e L
/1 constructor

avai | Nunber ( String xnane ) { name = xname; }

R L R e R R
public int getNunber()
{
int return_value = -1;
if ( avail Nunmber Set.size() <= 0)
return_val ue = next Avai | Nunber ++;
el se
{
Integer a = (Integer) avail NunberSet.first();
avai | Nunber Set . renove(a) ;
int i = a.intValue();
return_value = i;
}
return ( return_value );
}
R L R e R R
public void putNunber( int i )
{
if (i <0)
{

Systemout. println
(“avail abl e nunber list for \"” + name + “\":");
Systemout. println
(“\terror: trying to put negative: “ +i);
Systemexit(1l);

}

Integer a = new Integer(i);



if ( avail Nunmber Set. contai ns(a) )

{
Systemout.println
(“avail abl e nunmber list for ‘" + nane + “':");
Systemout.println
(“\terror: trying to put duplicate: “ + i);
Systemexit(1l);

}

avai | Nunber Set . add(a) ;
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