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What is WALA? 
•  Java libraries for static and dynamic program 

analysis 
•  (With some JavaScript libraries!) 

•  Initially developed at IBM T.J. Watson Research 
Center 

•  Open source release in 2006 under Eclipse Public 
License 

•  Key design goals 
•  Robustness 
•  Efficiency 
•  Extensibility 



(Some) Previous Uses of WALA 

•  Research 
•  over 100 publications (based on Google Scholar) 
•  Including two at PLDI’13 
•  http://wala.sf.net/wiki/index.php/Publications.php 

•  Products 
•  Rational Software Analyzer: NPEs (Loginov et al. 

ISSTA’08), resource leak detection (Torlak and 
Chandra, ICSE’10) 

•  Rational AppScan: taint analysis (Tripp et al., 
PLDI’09), string analysis (Geay et al., ICSE’09), 
JavaScript call graphs (Sridharan et al., ECOOP'12) 

•  Tivoli Storage Manager: JavaScript analysis 



WALA Features: Static Analysis 

•  Pointer analysis / call graph construction 
•  Several algorithms provided (RTA, variants of 

Andersen’s analysis) 
•  Highly customizable (e.g., context sensitivity policy) 
•  Tuned for performance (time and space) 

•  Interprocedural dataflow analysis framework 
•  Tabulation solver (Reps-Horwitz-Sagiv POPL’95) with 

extensions 
•  Also tuned for performance 



Other Key WALA Features 
•  Multiple language front-ends 

•  Will focus on JavaScript here 

•  Generic analysis utilities / data structures 
•  Graphs, sets, maps, constraint solvers, … 

•  Limited code transformation 
•  Main WALA IR is immutable, with no code generation 
•  ASTs can be transformed...but advanced 
•  Recommendation: use WALA for computing analysis 

results, do transformation separately 
•  JS normalizer can simplify dynamic analysis (details 

later) 



What We’ll Cover 
1.  Call graph basics 

2.  Representation of scripts / methods 
3.  Representation of HTML / DOM 

4.  WALA IR for JavaScript 
5.  Customizing call graphs 

6.  Utilities implemented in JavaScript 

7.  Advanced topics 



How to get WALA 
•  Walkthrough on “Getting Started” page at wala.sf.net 

•  Code available on Github: github.com/wala/WALA 
•  Trunk or previous tagged releases 
•  Several Eclipse projects (prefixed with com.ibm.): 

  wala.util: language-independent utilities 
  wala.core: analyses for core WALA SSA IR, Java bytecode 
  wala.cast: common framework for AST frontends 
  wala.cast.js: JavaScript-specific IR generation, analysis 

extensions 
  wala.cast.js.rhino: converts Mozilla Rhino AST to CAst 

•  Building the code (see "Getting started" page) 
•  Easiest to build / run from Eclipse 
•  Ant build files to download 3rd-party jars 
•  Recently added Maven build support 



Call Graph Basics 



WALA and Call Graphs 
•  Typically, WALA analysis starts with a call graph 

• Focus on inter-procedural analyses 

•  Nodes for (cloned) methods, edges for call targets 

•  Often, call graph constructed via pointer analysis 
• WALA usually computes them simultaneously 



Call Graph Builder Overview 

CallGraphBuilder 

CallGraph PointerAnalysis 

makeCallGraph() 
getPointerAnalysis() 
(after makeCallGraph()) 



CallGraph API 
•  Nodes of type CGNode: IMethod + Context 

•  IR typically obtained from CGNode, not IMethod 

•  To iterate over nodes in CallGraph cg: 
    for (CGNode n: cg) { … } 

•  To find all callees of a CGNode n in cg: 
    cg.getSuccNodes(n) 

•  Callees for CallSiteReference site in CGNode n: 
    cg.getPossibleTargets(n, site) 

• CallSiteReference from relevant 
SSAAbstractInvokeInstruction 



PointerAnalysis API 
•  PointerKey: abstraction of a pointer  

• For local variable, LocalPointerKey 
• For instance field, InstanceFieldKey 

•  To obtain pointer keys for PointerAnalysis pa, use 
HeapModel, e.g.: 
    pa.getHeapModel().getPointerKeyForLocal(…) 

•  InstanceKey: abstraction of an object 
• For allocation site in some CGNode, 
AllocationSiteInNode 

•  To get points-to set for PointerKey pk 
(Set<InstanceKey>): pa.getPointsToSet(pk) 



Building CallGraph for HTML 

URL url = …; 
// use Rhino to parse JavaScript 
JSCallGraphUtil.setTranslatorFactory( 
  new CAstRhinoTranslatorFactory());  
// build the call graph 
CallGraph cg = JSCallGraphBuilderUtil.makeHTMLCG(url); 



Representation of Code Structure 



Scopes and hierarchies 
•  AnalysisScope: code to be analyzed 

o  mostly invisible for JavaScript analysis 
o  always includes prologue.js (std library models) 

•  IClassHierarchy 
o  Represents type hierarchy (more useful for Java) 
o  Resolves names ("references") to representations 

  E.g., MethodReference to IMethod 
  Save memory by only retaining references in analysis 

results 

•  To re-use WALA analyses, IClassHierarchy required  



WALA Name Resolution 

Entity Reference Type Resolved 
Type 

Resolver Method 

class TypeReference IClass lookupClass() 

method MethodReference IMethod resolveMethod() 

field FieldReference IField resolveField() 

Entity references resolved via IClassHierarchy 

What do these mean for JavaScript??? 
(fields mean nothing) 



JS "classes" 
•  Usually, IClass represents a JavaScript function 

(JavaScriptCodeBody) 
o  Including a function for top-level code in script 
o  Including library functions from prologue.js 

•  For well-formedness, all classes “subclass” a synthetic 
root type 

•  A few other classes for built-in JS types (Boolean, 
String, etc.) 



JS methods 
•  Each IClass representing a JS function has an IMethod 

representing "normal" function invocations, named do 

•  May also have a synthetic IMethod representing 
invocations via 'new', named ctor 
o  Added during call graph construction as needed 
o  Has instructions to model 'new' semantics 

•  Source-level function names 
o  Look at name of IMethod's declaring class 

src.js 
function f() { 
  function g(){}  
} 

Functions:  
src.js,  
src.js/f,  
src.js/f/g  



Printing IRs 
  public static void printIRs(String filename) { 
    // use Rhino to parse JavaScript 
    JSCallGraphUtil.setTranslatorFactory( 
      new CAstRhinoTranslatorFactory()); 
    // build a class hierarchy, for access to code info 
    IClassHierarchy cha =  
       JSCallGraphUtil.makeHierarchyForScripts(filename); 
    // for constructing IRs 
    IRFactory<IMethod> factory = AstIRFactory.makeDefaultFactory(); 
    for (IClass klass : cha) { 
      // ignore models of built-in JavaScript methods 
      if (!klass.getName().toString().startsWith("Lprologue.js")) { 
        // get the IMethod representing the code (the ‘do’ method) 
        IMethod m = klass.getMethod(AstMethodReference.fnSelector); 
        if (m != null) { 
          IR ir = factory.makeIR(m, Everywhere.EVERYWHERE,  
                                 new SSAOptions()); 
          System.out.println(ir); 
        } 
      } 
    } 
  } 



HTML Support in WALA 
•  Extracting JS code from HTML (including node 

attributes) 

•  Generating JS code to model (static) DOM structure 

•  Models of DOM APIs in preamble.js (incomplete) 

•  Modeling semantics of browser-based JS (window 
object) 

•  Detailed source locations, including nesting within 
HTML 



Example 

Input 
<html> 
<body> 
<script> 
function fizz() {  
  alert("hi");  
} 
</script> 
<a onclick="fizz()"></a> 
</body> 
</html> 

Model (roughly) 
window.MAIN = function WINDOW_MAIN(){ 
  function fizz() { 
    alert(“hi”); 
  } 
  var aNode1 = new DOMHTMLElem(); 
  aNode1.onclick = function() { 
    fizz(); 
  }  
  var scriptNode1 = new DOMHTMLElem(); 
  … // construct other DOM nodes 
  while (true) { 
    aNode1.onclick(); 
  } 
}; 
window.MAIN(); 



Notes on HTML modeling 
•  All JS code nested in __WINDOW_MAIN__ function 

• To help model window as global object 

•  Generated JS model stored in temp file by default 
• To control, see JSSourceExtractor 

•  For no modeling of DOM node structure, use 
DomLessSourceExtractor 

•  Uses Jericho HTML parser by default; can also use 
Validator.nu HTML5 parser (see 
com.ibm.wala.cast.js.html.nu_validator) 

•  See PrintIRs.printIRsForHTML(String) for 
example code 



Source Positions 
•  For JS, usually have start line, start and end offset for 

each method / IR instruction (assuming Rhino) 

•  For location of method IMethod m: 
((ASTMethod)m).getSourcePosition() 

•  For location of IR instruction at offset i in ASTMethod 
m: m.getSourcePosition(i) 

•  For scripts in HTML, IncludedPositions provided 
• Call getIncludePosition() to get Position of 

corresponding <script> tag 
• Inline script positions relative to start of script; 

combine with include info to find position in HTML 



Part Two:
WALA JavaScript IR

Friday, June 14, 2013



Basic Structure

• Traditional 3-address IR

• Structured by Control Flow Graph (CFG)

• Static Single Assignment (SSA) form

• fully-pruned SSA

• integrated copy propagation
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Outline

• Example JavaScript code

• Overview of IR

• Handling JavaScript features

• Constructors

• Source position information
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Example Code
function outer(s) {
  var x = arguments[0];
  if (s.indexOf('o') > 0) {
    function inner(y) 

var t = ".suffix";
var arr = [ x + t, y ];
this.data = arr;

    }
    return new inner(s);
  }
}
var outerProp = outer("outer").data;
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function outer(s) {
  var x = arguments[0];
  if (s.indexOf('o') > 0) {
    function inner(y) 

var t = ".suffix";
var arr = [ x + t, y ];
this.data = arr;

    }
    return new inner(s);
  }
}
var outerProp = outer("outer").data;

Example Code
prototype chain
lexical scoping
arguments array
“method” calls
copy propagation
object creation
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Overview of IR
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Top-level IR
0   v1 = new <JavaScriptLoader,LArray>@0
1   v6 = global:Function
2   v2 = construct v6@2 v4:#.../outer
3   global:outer = v2
4   v9 = global:$$undefined
6   v14 = global:outer
7   check v14
BB2
8   v16 = global:__WALA__int3rnal__global
9   check v16
BB3
10   v13 = invoke v14@10 v16,v17:#outer 
BB4
12   v10 = prototype_values(v13)
13   v12 = getfield < JavaScriptLoader, LRoot,
           data, <JavaScriptLoader,LRoot>> v10
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Allocate arguments array

0   v1 = new <JavaScriptLoader,LArray>@0
1   v6 = global:Function
2   v2 = construct v6@2 v4:#.../outer
3   global:outer = v2
4   v9 = global:$$undefined
6   v14 = global:outer
7   check v14
BB2
8   v16 = global:__WALA__int3rnal__global
9   check v16
BB3
10   v13 = invoke v14@10 v16,v17:#outer 
BB4
12   v10 = prototype_values(v13)
13   v12 = getfield < JavaScriptLoader, LRoot,
           data, <JavaScriptLoader,LRoot>> v10
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Read JavaScript standard library Function object

0   v1 = new <JavaScriptLoader,LArray>@0
1   v6 = global:Function
2   v2 = construct v6@2 v4:#.../outer
3   global:outer = v2
4   v9 = global:$$undefined
6   v14 = global:outer
7   check v14
BB2
8   v16 = global:__WALA__int3rnal__global
9   check v16
BB3
10   v13 = invoke v14@10 v16,v17:#outer 
BB4
12   v10 = prototype_values(v13)
13   v12 = getfield < JavaScriptLoader, LRoot,
           data, <JavaScriptLoader,LRoot>> v10
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Create first-class function object outer

0   v1 = new <JavaScriptLoader,LArray>@0
1   v6 = global:Function
2   v2 = construct v6@2 v4:#.../outer
3   global:outer = v2
4   v9 = global:$$undefined
6   v14 = global:outer
7   check v14
BB2
8   v16 = global:__WALA__int3rnal__global
9   check v16
BB3
10   v13 = invoke v14@10 v16,v17:#outer 
BB4
12   v10 = prototype_values(v13)
13   v12 = getfield < JavaScriptLoader, LRoot,
           data, <JavaScriptLoader,LRoot>> v10
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Declared functions are global names in JavaScript

0   v1 = new <JavaScriptLoader,LArray>@0
1   v6 = global:Function
2   v2 = construct v6@2 v4:#.../outer
3   global:outer = v2
4   v9 = global:$$undefined
6   v14 = global:outer
7   check v14
BB2
8   v16 = global:__WALA__int3rnal__global
9   check v16
BB3
10   v13 = invoke v14@10 v16,v17:#outer 
BB4
12   v10 = prototype_values(v13)
13   v12 = getfield < JavaScriptLoader, LRoot,
           data, <JavaScriptLoader,LRoot>> v10
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The Undefined object is special

0   v1 = new <JavaScriptLoader,LArray>@0
1   v6 = global:Function
2   v2 = construct v6@2 v4:#.../outer
3   global:outer = v2
4   v9 = global:$$undefined
6   v14 = global:outer
7   check v14
BB2
8   v16 = global:__WALA__int3rnal__global
9   check v16
BB3
10   v13 = invoke v14@10 v16,v17:#outer 
BB4
12   v10 = prototype_values(v13)
13   v12 = getfield < JavaScriptLoader, LRoot,
           data, <JavaScriptLoader,LRoot>> v10
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Check for cases requiring ReferenceError

0   v1 = new <JavaScriptLoader,LArray>@0
1   v6 = global:Function
2   v2 = construct v6@2 v4:#.../outer
3   global:outer = v2
4   v9 = global:$$undefined
6   v14 = global:outer
7   check v14
BB2
8   v16 = global:__WALA__int3rnal__global
9   check v16
BB3
10   v13 = invoke v14@10 v16,v17:#outer 
BB4
12   v10 = prototype_values(v13)
13   v12 = getfield < JavaScriptLoader, LRoot,
           data, <JavaScriptLoader,LRoot>> v10
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JavaScript standard library Global object

0   v1 = new <JavaScriptLoader,LArray>@0
1   v6 = global:Function
2   v2 = construct v6@2 v4:#.../outer
3   global:outer = v2
4   v9 = global:$$undefined
6   v14 = global:outer
7   check v14
BB2
8   v16 = global:__WALA__int3rnal__global
9   check v16
BB3
10   v13 = invoke v14@10 v16,v17:#outer 
BB4
12   v10 = prototype_values(v13)
13   v12 = getfield < JavaScriptLoader, LRoot,
           data, <JavaScriptLoader,LRoot>> v10
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Call function outer (Global is defined to be this)

0   v1 = new <JavaScriptLoader,LArray>@0
1   v6 = global:Function
2   v2 = construct v6@2 v4:#.../outer
3   global:outer = v2
4   v9 = global:$$undefined
6   v14 = global:outer
7   check v14
BB2
8   v16 = global:__WALA__int3rnal__global
9   check v16
BB3
10   v13 = invoke v14@10 v16,v17:#outer 
BB4
12   v10 = prototype_values(v13)
13   v12 = getfield < JavaScriptLoader, LRoot,
           data, <JavaScriptLoader,LRoot>> v10
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Get all transitive prototype objects

0   v1 = new <JavaScriptLoader,LArray>@0
1   v6 = global:Function
2   v2 = construct v6@2 v4:#.../outer
3   global:outer = v2
4   v9 = global:$$undefined
6   v14 = global:outer
7   check v14
BB2
8   v16 = global:__WALA__int3rnal__global
9   check v16
BB3
10   v13 = invoke v14@10 v16,v17:#outer 
BB4
12   v10 = prototype_values(v13)
13   v12 = getfield < JavaScriptLoader, LRoot,
           data, <JavaScriptLoader,LRoot>> v10
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Read properties of object and prototypes

0   v1 = new <JavaScriptLoader,LArray>@0
1   v6 = global:Function
2   v2 = construct v6@2 v4:#.../outer
3   global:outer = v2
4   v9 = global:$$undefined
6   v14 = global:outer
7   check v14
BB2
8   v16 = global:__WALA__int3rnal__global
9   check v16
BB3
10   v13 = invoke v14@10 v16,v17:#outer 
BB4
12   v10 = prototype_values(v13)
13   v12 = getfield < JavaScriptLoader, LRoot,
           data, <JavaScriptLoader,LRoot>> v10
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Handling JavaScript
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0  v4 = new <JavaScriptLoader,LArray>@0
1  v6 = global:$$undefined           
2  lexical:x@...outer = v6
3  v12 = global:Function
4  v8 = construct v12@4 v10:#.../inner
6  v15 = prototype_values(v4)
7  v13 = fieldref v15.v14:#0.0
BB2
8  lexical:x@...outer = v13
13 v21 = dispatch v20:#indexOf@13 v3,v22:#o
BB3
14 v16 = binaryop(gt) v21 , v14:#0.0       
15 conditional branch(eq) v16,v24:#0
BB4
16 v25 = construct v8@16 v3

IR for outer
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IR for inner
0   v4 = new <JavaScriptLoader,LArray>@0
1   v6 = global:$$undefined
3   v8 = global:$$undefined
6   v13 = global:Array
7   check v13
BB2
8   v11 = construct v13@8
BB3
9   v18 = lexical:x@...outer
10  check v18
BB4
11  v16 = binaryop(add) v18 , v10:#.suffix 
12  fieldref v11.v15:#0 = v16 = v16
13  fieldref v11.v19:#1 = v3 = v3
15  fieldref v2.v20:#data = v11 = v11
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JavaScript IR 
Issues

• Prototype chain

• Handling calls

• Object creation

• Lexical scoping

• Arguments array

• Copy propagation
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Prototype Chain

• JavaScript uses prototype-based inheritence

• objects point a ‘prototype’

• properties can be found in prototype

• Flow-insensitive model of all prototypes

• conservative model of inheritence

• no model for must-override
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Prototype Chains

0  v4 = new <JavaScriptLoader,LArray>@0
...
6  v15 = prototype_values(v4)
7  v13 = fieldref v15.v14:#0.0

Function 

Object 

Array 

v4 

prototype_values
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Handling Calls

• Both function and method calls

• objects have functions as propertiws

• sometimes objects used as ‘this’ pointers

• WALA models new as another call type

a.m(3); var f = a.m;
f(3);

method not method
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Handling Calls

13 v21 = dispatch v20:#indexOf@13 v3,v22:#o

6  v15 = prototype_values(v3)
7  v5 = fieldref v15. v20:#indexOf 
13 v21 = invoke v5@13 v3,v22:#o

s.indexOf('o')

var f = s.indexOf;
f('o')

v3

o2

o1

v5

i1

i2

i1

indexOf this

fun

function i1
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Object Creation

• new takes an expression, not type

• new has diverse semantics

expression meaning

Object() fresh object
Object(5) return 5
Array(3) array size 3

Array(3,2) return [3, 2]

var x = (...)? Object: Array; 
var y = new x(5)
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Object Creation
• Model new as a dynamic dispatch

• new translated to special method call

• constructor methods generated

 new inner(s)

3  v12 = global:Function
4  v8 = construct v12@4 v10:#.../inner
...
BB4
16 v25 = construct v8@16 v3
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Lexical Scoping

• Access to enclosing function state

• read and write support, unlike Java

• allows “upward funargs”

• WALA models as heap locations

• reads and writes are flow insensitive

• does not do SSA renaming for them
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Lexical Scoping

...
9   v18 = lexical:x@...outer
10   check v18
BB4
11   v16 = binaryop(add) v18 , v10:#.suffix 
...

...   
2  lexical:x@...outer = v6
...
7  v13 = fieldref v15.v14:#0.0
BB2
8  lexical:x@...outer = v13
...

outer

inner
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Arguments Array
• JavaScript reifies arguments in an array

• array-indexed access to all parameters

• allows access to unnamed parameters

• WALA models with explicit array creation

• “arguments” assigned to new array

• accesses look like normal array accesses

• Pointer analysis adds dataflow from callers
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Arguments array

0  v4 = new <JavaScriptLoader,LArray>@0
...
6  v15 = prototype_values(v4)
7  v13 = fieldref v15.v14:#0.0
BB2
8  lexical:x@...outer = v13
...
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Copy Propagation

• SSA construction removes assignments

• statements like t = “.suffix”

• simplifies later analyses

• For flow-sensitive analyses, add Pi nodes

• create new values in control contexts

• PiNodeCallGraphTest has example

Friday, June 14, 2013



Copy Propagation

0   v4 = new <JavaScriptLoader,LArray>@0
1   v6 = global:$$undefined
2   v7 = v10:#.suffix
3   v8 = global:$$undefined
...
BB4
11   v16 = binaryop(add) v18 , v7  
...

X
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Constructors
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Constructors

• Model semantics of new

• Generate synthetic IR 

• Generate constructor for each case

• different types

• different parameter counts at calls

• Illustrate with two examples
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Array Constructor
for 0 parameters

1   v4 = fieldref v1.v3:#prototype           
2   v5 = new <JavaScriptLoader,LArray>@2     
BB2
3   set_prototype(v5, v4)                    
4   putfield v5 = v7:#0 < JavaScriptLoader, 
LRoot, length, <JavaScriptLoader,LRoot> >
BB3
5   return v5                                

Semantics is to create a 0-length array

 Create new Array object
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Array Constructor
for 0 parameters

1   v4 = fieldref v1.v3:#prototype           
2   v5 = new <JavaScriptLoader,LArray>@2     
BB2
3   set_prototype(v5, v4)                    
4   putfield v5 = v7:#0 < JavaScriptLoader, 
LRoot, length, <JavaScriptLoader,LRoot> >
BB3
5   return v5                                

Semantics is to create a 0-length array

Copy prototype to new object
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Array Constructor
for 0 parameters

1   v4 = fieldref v1.v3:#prototype           
2   v5 = new <JavaScriptLoader,LArray>@2     
BB2
3   set_prototype(v5, v4)                    
4   putfield v5 = v7:#0 < JavaScriptLoader, 
LRoot, length, <JavaScriptLoader,LRoot> >
BB3
5   return v5                                

Semantics is to create a 0-length array

set length to 0
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inner Constructor
1   v5 = getfield < JavaScriptLoader, LRoot, 
prototype, <JavaScriptLoader,LRoot> > v1
BB2
2   v6 = new <JavaScriptLoader,LObject>@2    
BB3
3   set_prototype(v6, v5)                    
4   v8 = invoke v1@4 v6,v2 exception:v9      
BB4
5   return v8                                
BB5
6   return v6                                

create new Object
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inner Constructor
1   v5 = getfield < JavaScriptLoader, LRoot, 
prototype, <JavaScriptLoader,LRoot> > v1
BB2
2   v6 = new <JavaScriptLoader,LObject>@2    
BB3
3   set_prototype(v6, v5)                    
4   v8 = invoke v1@4 v6,v2 exception:v9      
BB4
5   return v8                                
BB5
6   return v6                                

copy inner prototype to new object
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inner Constructor
1   v5 = getfield < JavaScriptLoader, LRoot, 
prototype, <JavaScriptLoader,LRoot> > v1
BB2
2   v6 = new <JavaScriptLoader,LObject>@2    
BB3
3   set_prototype(v6, v5)                    
4   v8 = invoke v1@4 v6,v2 exception:v9      
BB4
5   return v8                                
BB5
6   return v6                                

call inner with new object as this parameter

Friday, June 14, 2013



inner Constructor
1   v5 = getfield < JavaScriptLoader, LRoot, 
prototype, <JavaScriptLoader,LRoot> > v1
BB2
2   v6 = new <JavaScriptLoader,LObject>@2    
BB3
3   set_prototype(v6, v5)                    
4   v8 = invoke v1@4 v6,v2 exception:v9      
BB4
5   return v8                                
BB5
6   return v6                                

return result of inner, if not null, or new object
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Source Mapping

Friday, June 14, 2013



Source Locations

• WALA preserves source information

• variable names available from SSA

• IR instruction source locations from IR

• Information depends on front end parser

• Rhino 1.7R3 gives lines, character offsets
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inner Example
...
13   fieldref v11.v19:#1 = v3 = v3           
tutorial-example.js [142->154] (line 7) 
{11=[arr], 3=[y]}
...

AstIR ir;

String[] names = 
 ir.getLocalMap().getLocalNames(pc, vn);
Position functionPos =
 ir.getMethod().getSourcePosition();
Position irPos =
 ir.getMethod().getSourcePosition(instIdx);
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Position interface

public interface Position extends Comparable {

  int getFirstLine();

  int getLastLine();

  int getFirstCol();

  int getLastCol();

  int getFirstOffset();

  int getLastOffset(); 

  URL getURL();

  InputStream getInputStream() throws IOException;

}
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ż 2YHUYLHZ
ż &RQWH[WV��&RQWH[W�.H\V��&RQWH[W�,WHPV
ż )LOWHUHG�3RLQWHU�.H\V
ż &RQWH[W�6HOHFWRUV

Ɣ )LHOG�EDVHG�&DOO�*UDSK�&RQVWUXFWLRQ
Ɣ $GYDQFHG�7RSLFV
Ɣ :$/$'HOWD
Ɣ -6B:$/$



([DPSOH��1R�&RQWH[W�6HQVLWLYLW\

IXQFWLRQ�QG�LV�RQO\�DQDO\VHG�RQFH��DQDO\VLV�FRQFOXGHV�
QXPEHU�ÃÄ�DQG�VWULQJ�±�IYY]±�FDQ�IORZ�LQWR�ERWK�s�DQG�j

IXQFWLRQ�LG�[��^�UHWXUQ�[��`

YDU�[� �����V� ��+HOOR���\��W�
\� �LG�[��
W� �LG�V��



([DPSOH��:LWK�&RQWH[W�6HQVLWLYLW\

IXQFWLRQ�LG��[��^�UHWXUQ�[��`
IXQFWLRQ�LG��[��^�UHWXUQ�[��`

YDU�[� �����V� ��+HOOR���\��W�
\� �LG��[��
W� �LG��V��

IXQFWLRQ�QG�LV�DQDO\VHG�LQ�WZR�GLIIHUHQW�FRQWH[WV��
DQDO\VLV�FRQFOXGHV�WKDW�QXPEHU�ÃÄ�FDQ�IORZ�LQWR�s�DQG�
VWULQJ�±�IYY]±�FDQ�IORZ�LQWR�j��EXW�QRW�YLFH�YHUVD



&RQWH[W�6HQVLWLYLW\

Ɣ EDVLF�LGHD��DQDO\VH�VDPH�IXQFWLRQ�VHSDUDWHO\�IRU�GLIIHUHQW�
FRQWH[WV��EDVHG�RQ�FDOO�VLWH��UHFHLYHU�REMHFW��HWF���WR�LPSURYH�
SUHFLVLRQ

Ɣ FRQFHSWXDOO\��WKH�IXQFWLRQ�LV��FORQHG��IRU�HYHU\�FRQWH[W��HDFK�
FORQH�KDV�VHSDUDWH�DEVWUDFW�YDULDEOHV�IRU�SDUDPHWHUV��ORFDO�
YDULDEOHV��DQG�UHWXUQ�YDOXHV

Ɣ GDWD�IORZ�LV�NHSW�DSDUW�EHWZHHQ�FORQHV��WKXV�LQFUHDVLQJ�
SUHFLVLRQ��ZKLFK�FDQ�LQ�WXUQ�LPSURYH�VFDODELOLW\

Ɣ RQ�WKH�RWKHU�KDQG��FORQLQJ�LQFUHDVHV�WKH�QXPEHU�RI�DEVWUDFW�
YDULDEOHV�DQG�RI�FRQVWUDLQWV��PDNLQJ�WKH�DQDO\VLV�PRUH�
H[SHQVLYH

Ɣ LQ�JHQHUDO��LW�LV�KDUG�WR�SUHGLFW�ZKHWKHU�DGGLWLRQDO�FRQWH[W�
VHQVLWLYLW\�ZLOO�VSHHG�XS�RU�VORZ�GRZQ�WKH�DQDO\VLV



&DOO�*UDSK�%XLOGHU�2YHUYLHZ

&DOO*UDSK%XLOGHU

&RQWH[W�6HOHFWRU
:KDW�FRQWH[W�WR�XVH�
ZKHQ�DQDO\]LQJ�FDOO�WR�

VRPH�PHWKRG"

+HDS�0RGHO
+RZ�VKRXOG�REMHFWV�
DQG�SRLQWHUV�EH�
DEVWUDFWHG"

&DOO*UDSK

$QDO\VLV2SWLRQV
6SHFLILHV�HQWU\SRLQWV��

KRZ�WR�KDQGOH�UHIOHFWLRQ��
HWF�

3RLQWHU$QDO\VLV



&RQWH[W6HOHFWRU�,QWHUIDFH

K<>F<B@�>JH�D=H�R<G<�DK<�><GGBM<KC�

KP=GD>�DIO@MA<>@��JIO@SO�@G@>OJM�£

���JIO@SO�B@O�<GG@@�<MB@O��
�J?@�><GG@M��

���������������������������<GG�DO@�@A@M@I>@�NDO@�

����������������������������@OCJ?�><GG@@�

���������������������������INO<I>@�@T¡¢�<MBN �

���IO�@O�B@O�@G@Q<IO�<M<H@O@MN��
�J?@�><GG@M�

��������������������������������<GG�DO@�@A@M@I>@�NDO@ �

¤

LQIRUPDWLRQ�
DERXW�FDOO�VLWH

FRQWH[W�WR�XVH

ZKLFK�DUJXPHQWV�
WR�LQFOXGH�LQ�<gOh



2YHUYLHZ

Ɣ &RQWH[W�6HQVLWLYLW\
ż 2YHUYLHZ
ż &RQWH[WV��&RQWH[W�.H\V��&RQWH[W�,WHPV
ż )LOWHUHG�3RLQWHU�.H\V
ż &RQWH[W�6HOHFWRUV

Ɣ )LHOG�EDVHG�&DOO�*UDSK�&RQVWUXFWLRQ
Ɣ $GYDQFHG�7RSLFV
Ɣ :$/$'HOWD
Ɣ -6B:$/$



&RQWH[W�,QWHUIDFH

K<>F<B@�>JH�D=H�R<G<�DK<�><GGBM<KC�

KP=GD>�DIO@MA<>@��JIO@SO�£

���JIO@SO�O@H�B@O��JIO@SO�@T�I<H@ �

¤

KP=GD>�DIO@MA<>@��JIO@SO�O@H�£¤

KP=GD>�DIO@MA<>@��JIO@SO�@T�£¤

1RWH��FRQWH[W�NH\V�LQ�DUUD\�
][jIrj�Is�+�.�!�0�./�
KDYH�VSHFLDO�PHDQLQJ�WR�SRLQWHU�DQDO\VLV��GLVFXVVHG�
ODWHU�

VLPSO\�D�PDS�
IURP�NH\V�WR�

LWHPV�

PDUNHU�LQWHUIDFHV��
LQYHQW�\RXU�RZQ�



([DPSOH�&RQWH[W��(YHU\ZKHUH

K<>F<B@�>JH�D=H�R<G<�DK<�><GGBM<KC�DHKG�

KP=GD>�>G<NN��Q@MTRC@M@�DHKG@H@ION��JIO@SO�£

��KP=GD>�NO<OD>�ADI<G��Q@MTRC@M@������������Ó�I@R��Q@MTRC@M@� �

��KMDQ<O@��Q@MTRC@M@� �£¤

��KP=GD>��JIO@SO�O@H�B@O��JIO@SO�@T�I<H@ �£�M@OPMI�IPGG��¤

��°�Q@MMD?@�KP=GD>�DIO�C<NC�J?@� �£�����¤

��°�Q@MMD?@�KP=GD>�=JJG@<I�@LP<GN��=E@>O�J=E �£�����¤

¤

(YHU\�FRQWH[W�VKRXOG�RYHUULGH�
P<hP
]GI�DQG�Ifk<Yh�WR�
LPSOHPHQW�YDOXH�VHPDQWLFV�

VLQJOHWRQ

FRQWH[W�FDUULHV�QR�
LQIRUPDWLRQ



([DPSOH�&RQWH[W��&DOO�6WULQJV

K<>F<B@�>JH�D=H�R<G<�DK<�><GGBM<KC�KMJK<B<ODJI�>A<�

KP=GD>�>G<NN��<GG�OMDIB�JIO@SO�DHKG@H@ION��JIO@SO�£
��KMDQ<O@�ADI<G��<GG�OMDIB�>N�

��KP=GD>��<GG�OMDIB�JIO@SO��<GG�OMDIB�>N �£�OCDN�>N�Ó�>N��¤

��KP=GD>��JIO@SO�O@H�B@O��JIO@SO�@T�I<H@ �£
����DA�����­�����
�ÓÓ�I<H@ 
������M@OPMI�>N�
����@GN@
������M@OPMI�IPGG�
��¤

��°�Q@MMD?@�KP=GD>�DIO�C<NC�J?@� �£�����¤

��°�Q@MMD?@�KP=GD>�=JJG@<I�@LP<GN��=E@>O�J=E �£�����¤
¤

HVVHQWLDOO\�MXVW�D�
ERXQGHG�OHQJWK�
�!IjP]G�DUUD\



([DPSOH�&RQWH[W��2EMHFW�6HQVLWLYLW\
K<>F<B@�>JH�D=H�R<G<�DK<�><GGBM<KC�KMJK<B<ODJI�

KP=GD>�>G<NN��@>@DQ@M�INO<I>@�JIO@SO�DHKG@H@ION��JIO@SO�£
��KMDQ<O@�ADI<G��INO<I>@�@T�DF�

��KP=GD>��@>@DQ@M�INO<I>@�JIO@SO��INO<I>@�@T�DF �£�OCDN�DF�Ó�DF��¤

��KP=GD>��JIO@SO�O@H�B@O��JIO@SO�@T�I<H@ �£
����DA�I<H@�ÓÓ��JIO@SO�@T��������� 
������M@OPMI�DF�
����@GN@�DA�I<H@�ÓÓ��JIO@SO�@T�����������¡»¢ 
������M@OPMI�I@R��DIBG@�INO<I>@	DGO@M�DF �
����M@OPMI�IPGG�
��¤

��°�Q@MMD?@�KP=GD>�DIO�C<NC�J?@� �£�����¤

��°�Q@MMD?@�KP=GD>�=JJG@<I�@LP<GN��=E@>O�J=E �£�����¤
¤

VHH�QH[W�VOLGH�IRU�
H[SODQDWLRQ



2YHUYLHZ

Ɣ &RQWH[W�6HQVLWLYLW\
ż 2YHUYLHZ
ż &RQWH[WV��&RQWH[W�.H\V��&RQWH[W�,WHPV
ż )LOWHUHG�3RLQWHU�.H\V
ż &RQWH[W�6HOHFWRUV

Ɣ )LHOG�EDVHG�&DOO�*UDSK�&RQVWUXFWLRQ
Ɣ $GYDQFHG�7RSLFV
Ɣ :$/$'HOWD
Ɣ -6B:$/$



)LOWHUHG�3RLQWHU�.H\V��([DPSOH

&RQVLGHU�WKLV�H[DPSOH�

IXQFWLRQ�$���^�`
$�SURWRW\SH�VHW;� �IXQFWLRQ���^�WKLV�[� �WKLV��`�

YDU�D� �QHZ�$����E� �QHZ�$���
F� �0DWK�UDQGRP���!����"�D���E�

���F��!�^�D��E�`
F�VHW;���
���SRVVLEOH��D�[��!�D��E�[��!�E��LPSRVVLEOH��D�[��!�E��E�[��!�D



)LOWHUHG�3RLQWHU�.H\V��([DPSOH��FWG��

$QDO\VLQJ�WKH�H[DPSOH�FRQWH[W�LQVHQVLWLYHO\�\LHOGV�LPSUHFLVH�
UHVXOWV�

IXQFWLRQ�$���^�`
$�SURWRW\SH�VHW;� �IXQFWLRQ���^�WKLV�[� �WKLV��`�

YDU�D� �QHZ�$����E� �QHZ�$���
F� �0DWK�UDQGRP���!����"�D���E�

F�VHW;��� [Iq��¥¦ [Iq��¥¦

E�hIj8¥¦

Nk[EjQ][¥jPQh¦�©
��jPQh�r�Þ�jPQh�
ª

<� D�

�6�.97��.�

$QDO\VLV�FRQFOXGHV�WKDW�
<�r��à�D�LV�SRVVLEOH�



)LOWHUHG�3RLQWHU�.H\V��([DPSOH��FWG��

$QDO\VLQJ�WKH�H[DPSOH�ZLWK�REMHFW�VHQVLWLYLW\�GRHV�QRW�VHHP�
WR�\LHOG�PRUH�SUHFLVH�UHVXOWV�

IXQFWLRQ�$���^�`
$�SURWRW\SH�VHW;� �IXQFWLRQ���^�WKLV�[� �WKLV��`�

YDU�D� �QHZ�$����E� �QHZ�$���
F� �0DWK�UDQGRP���!����"�D���E�

F�VHW;���
[Iq��¥¦ [Iq��¥¦

E�hIj8¥¦

Nk[EjQ][¥jPQh¦�©
��jPQh�r�Þ�jPQh�
ª

<� D�

gIEIQpIg��<

Nk[EjQ][¥jPQh¦�©
��jPQh�r�Þ�jPQh�
ª

gIEIQpIg��D

$QDO\VLV�VWLOO�FRQFOXGHV�
WKDW�<�r��à�D�LV�SRVVLEOH�



)LOWHUHG�3RLQWHU�.H\V��([DPSOH��FWG��

1HHG�WR�LQWURGXFH�ILOWHU�WR�HQIRUFH�WKDW�RQO\�WKH�GHVLUHG�
UHFHLYHU�REMHFW�IORZV�LQWR�jPQh�

IXQFWLRQ�$���^�`
$�SURWRW\SH�VHW;� �IXQFWLRQ���^�WKLV�[� �WKLV��`�

YDU�D� �QHZ�$����E� �QHZ�$���
F� �0DWK�UDQGRP���!����"�D���E�

F�VHW;���
[Iq��¥¦ [Iq��¥¦

E�hIj8¥¦

Nk[EjQ][¥jPQh¦�©
��jPQh�r�Þ�jPQh�
ª

<� D�

$QDO\VLV�FRQFOXGHV�WKDW�
<�r��à�D�LV�LPSRVVLEOH�

gIEIQpIg��<

Nk[EjQ][¥jPQh¦�©
��jPQh�r�Þ�jPQh�
ª

gIEIQpIg��D

Þ�< Þ�D



)LOWHUHG�3RLQWHU�.H\V

Ɣ ILOWHUHG�SRLQWHU�NH\V�UHVWULFW�SURSDJDWLRQ�RI�DEVWUDFW�
REMHFWV�GXULQJ�IORZ�DQDO\VLV

Ɣ D�/Q[OYI�[hj<[EI�QYjIg�Is�LV�DQ�DEVWUDFW�YDULDEOH�WKDW�RQO\�
DFFHSWV�D�JLYHQ�LQVWDQFH�NH\�QX��LWV�SRLQWV�WR�VHW�LV�HLWKHU�
䌙�RU�©�QX�ª

Ɣ ILOWHUHG�SRLQWHU�NH\V�FDQ�EH�XVHG�WR�VSOLW�XS�GDWD�IORZ�LQWR�
D�IXQFWLRQ
V�DUJXPHQWV�DPRQJ�GLIIHUHQW�FORQHV��ZKHQ�
VHWWLQJ�XS�LQWHUSURFHGXUDO�IORZ�IURP�SDUDPHWHU�Q�WR�
DUJXPHQW�Q�RI�IXQFWLRQ�N��WKH�DQDO\VLV�FKHFNV�ZKHWKHU�WKH�
FRQWH[W�RI�N�KDV�DQ�LWHP�IRU�
][jIrj�Is�+�.�!�0�./§Q¨��LI�
VR��WKDW�LWHP�LV�XVHG�WR�ILOWHU�GDWD�IORZ�LQWR�WKH�DUJXPHQW



2YHUYLHZ

Ɣ &RQWH[W�6HQVLWLYLW\
ż 2YHUYLHZ
ż &RQWH[WV��&RQWH[W�.H\V��&RQWH[W�,WHPV
ż )LOWHUHG�3RLQWHU�.H\V
ż &RQWH[W�6HOHFWRUV

Ɣ )LHOG�EDVHG�&DOO�*UDSK�&RQVWUXFWLRQ
Ɣ $GYDQFHG�7RSLFV
Ɣ :$/$'HOWD
Ɣ -6B:$/$



([DPSOH�6HOHFWRU����&)$

dkDYQE�EY<hh�
][jIrj�[hI[hQjQpI/IYIEj]g�QZdYIZI[jh�
][jIrj/IYIEj]g�©
��dkDYQE�
][jIrj�OIj
<YYII0<gOIj¥
�"]GI�E<YYIg�


<YY/QjI.INIgI[EI�hQjI�
�!IjP]G�E<YYII�
�[hj<[EI�Is§¨�gIEIQpIg¦�©

����gIjkg[��pIgsqPIgI��6�.97��.��
��ª

��dkDYQE��[j/Ij�OIj.IYIp<[j+<g<ZIjIgh¥
�"]GI�E<YYIg��

<YY/QjI.INIgI[EI�hQjI¦�©

����gIjkg[��Zdjs�[j/Ij�Q[hj<[EI�
��ª
ª



([DPSOH�6HOHFWRU����&)$
dkDYQE�EY<hh�$[I
��/IYIEj]g�QZdYIZI[jh�
][jIrj/IYIEj]g�©
��dkDYQE�
][jIrj�OIj
<YYII0<gOIj¥
�"]GI�E<YYIg�


<YY/QjI.INIgI[EI�hQjI�
�!IjP]G�E<YYII�
�[hj<[EI�Is§¨�gIEIQpIg¦�©

����
<YY/jgQ[O�Eh�Þ�[Iq�
<YY/jgQ[O¥E<YYIg�OIj!IjP]G¥¦¦�
����gIjkg[�[Iq�
<YY/jgQ[O
][jIrj¥Eh¦�
��ª

��dkDYQE��[j/Ij�OIj.IYIp<[j+<g<ZIjIgh¥
�"]GI�E<YYIg��
�������������������������������������� ���
<YY/QjI.INIgI[EI�hQjI¦�©
����gIjkg[��Zdjs�[j/Ij�Q[hj<[EI�
��ª
ª 1RWH��7KLV�LV�QRW�DFWXDO�:$/$�FRGH��:$/$�

LPSOHPHQWV�D�PRUH�JHQHUDO�FODVV�I�	��@G@>OJM�



N�&)$�IRU�N�!��

Ɣ WKH�B@O�<GG@@�<MB@O�PHWKRG�RQO\�NQRZV�DERXW�WKH�
LPPHGLDWH�FDOOHU

Ɣ LI�ZH�ZDQW�WR�LPSOHPHQW�N�&)$�IRU�N�!����ZH�QHHG�WR�
VRPHKRZ�ILQG�RXW�DERXW�WKH�FDOOHU
V�FDOOHU��HWF��

Ɣ WKLV�LQIRUPDWLRQ�FDQ�EH�UHWULHYHG�IURP�WKH�FDOOHU
V�FRQWH[W�


][jIrj�E][jIrj�Þ�E<YYIg�OIj
][jIrj¥¦�
���� 
<YY/jgQ[O�E<YYIg¢Eh�Þ�¥
<YY/jgQ[O¦E][jIrj�OIj¥
�  ¢/0.�"�¦�


<YY/jgQ[O�Zs¢Eh�Þ�[Iq�
<YY/jgQ[O¥hQjI��E<YYII��X��E<YYIg¢Eh¦�

Ɣ FODVV�
<YY/jgQ[O�HQVXUHV�FDOO�VWULQJ�LV�WUXQFDWHG�DW�X�HOHPHQWV



2EMHFW�6HQVLWLYLW\

dkDYQE�EY<hh�$DWIEj/I[hQjQpQjs/IYIEj]g�QZdYIZI[jh�
][jIrj/IYIEj]g�©
��dkDYQE�
][jIrj�OIj
<YYII0<gOIj¥
�"]GI�E<YYIg�


<YY/QjI.INIgI[EI�hQjI�
�!IjP]G�E<YYII�
�[hj<[EI�Is§¨�<gOkZI[jh¦�©

��������gIjkg[�[Iq�.IEIQpIg�[hj<[EI
][jIrj¥<gOkZI[jh§Â¨¦�
��ª

��dkDYQE��[j/Ij�OIj.IYIp<[j+<g<ZIjIgh¥
�"]GI�E<YYIg�

<YY/QjI.INIgI[EI�hQjI¦�©

���gIjkg[��[j/Ij1jQY�Z<XI¥[Iq�Q[j§¨©Âª¦�
��ª
ª



8VLQJ�DQ�([LVWLQJ�&RQWH[W�6HOHFWRU
Ɣ PDLQ�$3,�HQWU\�SRLQWV�IRU�DQDO\]LQJ�-DYD6FULSW�FRGH�ZLWK�
FRPPRQ�FRQWH[W�VHQVLWLYLW\�SROLFLHV�DUH�LQ�
�/
<YY�g<dP�kQYGIg1jQY

Ɣ EXLOG�FDOO�JUDSK�IRU�ZHE�SDJH�
������
<YY�g<dP�Z<XI�0! 
�¥1. �kgY��
��kQYGIg0sdI�jsdI¦

Ɣ 
��kQYGIg0sdI�LV�DQ�HQXP�
ż ;�.$¢$"�¢
������&)$�IRU�IXQFWLRQV��DOORFDWLRQ�VLWH�
DEVWUDFWLRQ�IRU�KHDS�REMHFWV

ż ;�.$¢$"�¢
��¢"$¢
�  ¢�++ 9��OLNH�;�.$¢$"�¢
����EXW�
�k[EjQ][�dg]j]jsdI�E<YY�DQG�<ddYs�DUH��XQVRXQGO\��LJQRUHG

ż $"�¢
������&)$�IRU�IXQFWLRQV��DOORFDWLRQ�VLWH�DEVWUDFWLRQ�
IRU�KHDS�REMHFWV



8VLQJ�<RXU�2ZQ�&RQWH[W�6HOHFWRU
Ɣ XVH��MJK<B<ODJI�<GG
M<KC�PDG?@M�N@O�JIO@SO�@G@>OJM�WR�
FRQWURO�ZKLFK�FRQWH[W�VHOHFWRU�LV�XVHG

Ɣ WKH�FDOO�JUDSK�EXLOGHU�DOORZV�RQH�FRQWH[W�VHOHFWRU�DW�D�WLPH��VR�
PRVW�FRQWH[W�VHOHFWRUV�DOORZ�GDLV\�FKDLQLQJ�
>G<NN��T�JIO@SO�@G@>OJM�@SO@I?N��JIO@SO�@G@>OJM�£
���JIO@SO�@G@>OJM�=<N@�

��KP=GD>��JIO@SO�B@O�<GG@@�<MB@O���� �£
����DA���H�IO@M@NO@?�I�CDN�<GG�  
���������
����@GN@
������M@OPMI�=<N@�B@O�<GG�<MB@O���� �
��¤

��KP=GD>��IO�@O�B@O�@G@Q<IO�<M<H@O@MN���� �£
����IO�@O�HT�@G@Q<IO�<MHN�Ó�����
���M@OPMI�=<N@�B@O�@G@Q<IO�<M<H@O@MN���� �PIDJI�HT�@G@Q<IO�<MHN �
��¤
¤



6XPPDU\��&RQWH[W�6HOHFWRUV

Ɣ FRQWH[W�VHOHFWRUV�DUH�VWUDWHJ\�REMHFWV�WKDW�GHWHUPLQH�ZKLFK�
FRQWH[W�D�IXQFWLRQ�VKRXOG�EH�DQDO\VHG�LQ

Ɣ D�FRQWH[W�VHOHFWRU�PXVW�LPSOHPHQW�OIj.IYIp<[j+<g<ZIjIgh�WR�
LQGLFDWH�ZKLFK�SDUDPHWHUV�DUH�UHOHYDQW�WR�WKH�FRQWH[W�
VHOHFWLRQ�VWUDWHJ\��DQG�OIj
<YY0<gOIj�WR�FRPSXWH�WKH�FRQWH[W�
EDVHG�RQ�LQIRUPDWLRQ�DERXW�WKH�FDOOHU��LQFOXGLQJ�LWV�FRQWH[W���
FDOO�VLWH��FDOO�WDUJHW��DQG�UHOHYDQW�DUJXPHQWV

Ɣ FRQWH[WV�DUH�UHSUHVHQWHG�DV�DUELWUDU\�PDSV�IURP�NH\V�WR�
FRQWH[W�LWHPV��PXVW�REH\�YDOXH�VHPDQWLFV

Ɣ WKH�VHW�RI�DOO�FRQWH[WV�VKRXOG�EH�ILQLWH��RWKHUZLVH�WKH�
DQDO\VLV�LV�QRW�JXDUDQWHHG�WR�WHUPLQDWH



2YHUYLHZ

Ɣ &RQWH[W�6HOHFWRUV
Ɣ $GYDQFHG�7RSLFV�

ż 7DUJHW�6HOHFWRUV
ż &RQWH[W�,QWHUSUHWHUV
ż &RUUHODWLRQ�7UDFNLQJ

Ɣ )LHOG�EDVHG�&DOO�*UDSK�&RQVWUXFWLRQ
Ɣ :$/$'HOWD
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7DUJHW�6HOHFWRUV

7DUJHW�VHOHFWRUV��E]Z�QDZ�q<Y<�Qd<�E<YYOg<dP�!IjP]G0<gOIj/IYIEj]g��
DOORZ�HYHQ�JUHDWHU�FRQWURO�RYHU�FDOO�JUDSK�FRQVWUXFWLRQ�

SXEOLF�LQWHUIDFH�0HWKRG7DUJHW6HOHFWRU�^
��,0HWKRG�JHW&DOOHH7DUJHW�&*1RGH�FDOOHU�

&DOO6LWH5HIHUHQFH�VLWH�
,&ODVV�UHFHLYHU��

`

7KH�GHIDXOW�-6�WDUJHW�VHOHFWRU�/j<[G<gG�k[EjQ][0<gOIj/IYIEj]g�
VLPSO\�VHOHFWV�PHWKRG�G]�RI�WKH�UHFHLYHU��FODVV���EXW�PRUH�
VRSKLVWLFDWHG�WDUJHW�VHOHFWRUV�FDQ�VHOHFW�DQ\�RWKHU�PHWKRG��RU�
HYHQ�FUHDWH�D�QHZ�V\QWKHWLF�PHWKRG�WR�VHUYH�DV�FDOO�WDUJHW�

LQIRUPDWLRQ�
DERXW�FDOO�VLWH

IXQFWLRQ�WR�
LQYRNH



([DPSOH���k[EjQ][�dg]j]jsdI�E<YY

Ɣ WDUJHW�VHOHFWRU��<p</EgQdj�k[EjQ][�]j
<YY0<gOIj/IYIEj]g�
KDQGOHV�UHIOHFWLYH�FDOOV�XVLQJ��k[EjQ][�dg]j]jsdI�E<YY

Ɣ VHOHFWRU�FUHDWHV�V\QWKHWLF��!IjP]G�WKDW�VLPSO\�LQYRNHV�WKH�
WDUJHW�PHWKRG�XVLQJ�WKH�ULJKW�DUJXPHQWV�

���UHFDOO��Y��LV�WKLV��Y��ILUVW�DUJXPHQW�HWF�
gIh�Þ�E<YY�pÃ��pÄ�����
gIjkg[�gIh

Ɣ REYLRXVO\��WKH�FRGH�IRU�WKLV�PHWKRG�RQO\�GHSHQGV�RQ�
QXPEHU�RI��DFWXDO��DUJXPHQWV

Ɣ WKXV��WDUJHW�VHOHFWRU�FUHDWHV�RQO\�RQH�PHWKRG�SHU�DULW\�DQG�
UHXVHV�WKHP�ODWHU



([DPSOH��&RQVWUXFWRUV

Ɣ -DYD6FULSW�FRQVWUXFWRU�VHPDQWLFV�LV�FRPSOH[��IRU�LQVWDQFH��
[Iq�$DWIEj¥ÅÃ¦�GRHV�QRW�DFWXDOO\�FUHDWH�D�QHZ�REMHFW��FI��
(&0$������������[Iq��k[EjQ][¥���¦�FUHDWHV�IXQFWLRQ��HWF�

Ɣ LQ�:$/$��WKLV�LV�PRGHOOHG�E\�D�VSHFLDO�WDUJHW�VHOHFWRU�DQG�D�
FRQWH[W�VHOHFWRU�
ż WDUJHW�VHOHFWRU��<p</EgQdj
][hjgkEj0<gOIj/IYIEj]g�UHWXUQV�
V\QWKHWLF��!IjP]G�LPSOHPHQWLQJ�DSSURSULDWH�FRQVWUXFWRU�
VHPDQWLFV

ż FRQWH[W�VHOHFWRU�DGGV�RQH�OHYHO�RI�FDOO�VWULQJ�VHQVLWLYLW\�WR�
HQVXUH�GLIIHUHQW�DOORFDWLRQ�VLWHV�DUH�NHSW�DSDUW�DFURVV�WKH�
V\QWKHWLF��!IjP]GV
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Ɣ )LHOG�EDVHG�&DOO�*UDSK�&RQVWUXFWLRQ
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Ɣ -6B:$/$



&RQWH[W�,QWHUSUHWHUV

7KH�DQDO\VLV�LV�SDUDPHWHUL]HG�E\�D�FRQWH[W�LQWHUSUHWHU�WKDW�
JHQHUDWHV�,5�IRU�&*1RGHV�

dkDYQE�Q[jIgN<EI�//�
][jIrj�[jIgdgIjIg�IrjI[Gh�.0�
][jIrj�[jIgdgIjIg�©
��dkDYQE��.�OIj�.¥
�"]GI�[]GI¦�

��dkDYQE��IN1hI�OIj�1¥
�"]GI�[]GI¦�

��dkDYQE�Q[j�OIj"kZDIg$N/j<jIZI[jh¥
�"]GI�[]GI¦�

��dkDYQE�
][jg]Y�Y]q�g<dPß//��[hjgkEjQ][���//��<hQE�Y]EXà
OIj
��¥
�"]GI�[¦�

ª



&RQWH[W�,QWHUSUHWHUV��FWG��

Ɣ GHIDXOW�FRQWH[W�LQWHUSUHWHU�LV�
][jIrj�[hI[hQjQpI//��[jIgdgIjIg
Ɣ LW�JHQHUDWHV�WKH�VDPH�,5�UHJDUGOHVV�RI�WKH�FRQWH[W
Ɣ PRUH�VRSKLVWLFDWHG�FRQWH[W�LQWHUSUHWHUV�FDQ�JHQHUDWH�
FXVWRP�,5�EDVHG�RQ�WKH�FRQWH[W��WKLV�LV�SDUWLFXODUO\�XVHIXO�
IRU�KDQGOLQJ�UHIOHFWLRQ�
ż �<p</EgQdj�k[EjQ][�ddYs
][jIrj�[jIgdgIjIg�KDQGOHV�

�k[EjQ][�dg]j]jsdI�<ddYs

ż �gOkZI[j/dIEQ<YQv<jQ][
][jIrj�[jIgdgIjIg�VSHFLDOL]HV�XVHV�
RI�<gOkZI[jh�DUUD\�ZKHUH�WKH�QXPEHU�RI�DUJXPHQWV�LV�
NQRZQ
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ż 7DUJHW�6HOHFWRUV
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ż &RUUHODWLRQ�7UDFNLQJ

Ɣ )LHOG�EDVHG�&DOO�*UDSK�&RQVWUXFWLRQ
Ɣ :$/$'HOWD
Ɣ -6B:$/$



&RUUHODWLRQ�7UDFNLQJ

Ɣ FRUUHODWLRQ�WUDFNLQJ�LV�D�WHFKQLTXH�IRU�SUHFLVH�KDQGOLQJ�RI�
FRUUHODWHG�G\QDPLF�SURSHUW\�UHDG�ZULWH�SDLUV�WKDW�DFFHVV�WKH�
VDPH�SURSHUW\�

GIhj§d¨�Þ�hgE§d¨�

Ɣ VXFK�FRUUHODWHG�SDLUV�DUH�H[WUDFWHG�LQWR�DQ�DQRQ\PRXV�
IXQFWLRQ�WDNLQJ�d�DV�DUJXPHQW��ZKLFK�LV�DQDO\]HG�RQFH�SHU�
DEVWUDFW�YDOXH�RI�d

¥Nk[EjQ][¥d¦�©�GIhj§d¨�Þ�hgE§d¨��ª¦¥d¦�

Ɣ LPSOHPHQWDWLRQ�FRQVLVWV�RI�WKUHH�SDUWV�
D� D�FRUUHODWLRQ�ILQGHU�WKDW�LGHQWLILHV�FRUUHODWHG�SDLUV�
E� D�FORVXUH�H[WUDFWRU�WKDW�LQWURGXFHV�WKH�IXQFWLRQV�
F� D�EHVSRNH�FRQWH[W�VHOHFWRU�



7KH�&RUUHODWLRQ�)LQGHU

Ɣ LPSOHPHQWHG�E\�FODVV�
]ggIY<jQ][�Q[GIg
Ɣ FUHDWHV��FRQWH[W�LQVHQVLWLYH��,5�IRU�HYHU\�IXQFWLRQ�LQ�WKH�
SURJUDP

Ɣ ZDONV�RYHU�DOO�,5�LQVWUXFWLRQV��ORRNLQJ�IRU�G\QDPLF�SURSHUW\�
UHDGV�r§d¨

Ɣ WKHQ�XVHV��IN1hI�LQIRUPDWLRQ�WR�ILQG�RXW�ZKHWKHU�WKH�UHVXOW�
RI�WKLV�G\QDPLF�SURSHUW\�UHDG�IORZV�LQWR�D�G\QDPLF�SURSHUW\�
ZULWH�RI�WKH�IRUP�s§f¨

Ɣ ILQDOO\�FKHFNV�ZKHWKHU�d�DQG�f�DUH�WKH�VDPH�66$�YDULDEOH
Ɣ LI�DOO�FKHFNV�VXFFHHG��UHFRUG�¥r§d¨��s§f¨¦�DV�FRUUHODWHG�SDLU



7KH�&ORVXUH�([WUDFWRU

Ɣ LPSOHPHQWHG�E\�FODVV�
Y]hkgI�rjg<Ej]g�DQG�IDFWRU\�FODVV�

]ggIY<jIG+<Qg�rjg<Ej]g�<Ej]gs

Ɣ LW�LV�DQ�H[DPSOH�RI�D�&$VW�UHZULWHU�WKDW�UHZULWHV�:$/$
V�
$67�EHIRUH�FRGH�JHQHUDWLRQ

Ɣ ZKHQ�FRQVWUXFWLQJ�D�FORVXUH�H[WUDFWRU��LW�QHHGV�WR�EH�SDVVHG�
LQIRUPDWLRQ�DERXW�ZKLFK�SLHFHV�RI�FRGH�WR�H[WUDFW

Ɣ 
]ggIY<jIG+<Qg�rjg<Ej]g�<Ej]gs�XVHV�WKH�
]ggIY<jQ][�Q[GIg�WR�
SURYLGH�WKLV�LQIRUPDWLRQ��EXW�LQ�SULQFLSOH�WKH�FORVXUH�
H[WUDFWRU�FDQ�H[WUDFW��DOPRVW��DUELWUDU\�SLHFHV�RI�FRGH�LQWR�
FORVXUHV



&RQWH[W�6HOHFWLRQ

Ɣ FRQWH[W�VHOHFWRU�+g]dIgjs"<ZI
][jIrj/IYIEj]g�LV�GHVLJQHG�WR�
ZRUN�ZLWK�FRUUHODWLRQ�H[WUDFWLRQ�PHFKDQLVP

Ɣ SDUDPHWHUL]HG�E\�D�SDUDPHWHU�LQGH[�Q��LI�LQYRNHG�IXQFWLRQ�
XVHV�LWV�Q
WK�SDUDPHWHU�DV�D�SURSHUW\�QDPH��LW�LV�DQDO\]HG�
XVLQJ�REMHFW�VHQVLWLYLW\�RQ�WKDW�SDUDPHWHU

Ɣ FORVXUHV�H[WUDFWHG�E\�WKH�FRUUHODWLRQ�H[WUDFWRU�DOZD\V�KDYH�
SURSHUW\�QDPH�DV�ILUVW�SDUDPHWHU��VR�QRUPDOO\�ZH�VHW�QÞÃ������
�1%���WK�SDUDPHWHU�LV�IXQFWLRQ�REMHFW���VW�LV�UHFHLYHU�

Ɣ WKLV�WXUQV�RXW�WR�EH�D�JHQHUDOO\�XVHIXO�HYHQ�IRU�IXQFWLRQV�WKDW�
GR�QRW�DULVH�IURP�H[WUDFWLRQ

Ɣ DOO�SUHGHILQHG�
��kQYGIg0sdIh�LQFOXGH�FRUUHODWLRQ�WUDFNLQJ�E\�
GHIDXOW
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)LHOG�EDVHG�&DOO�*UDSKV

Ɣ :$/$
V�VWDQGDUG�SRLQWHU�DQDO\VLV�EDVHG�FDOO�JUDSK�
FRQVWUXFWLRQ�XVXDOO\�GR�QRW�VFDOH�IRU�SURJUDPV�WKDW�PDNH�
KHDY\�XVH�RI�IUDPHZRUNV

Ɣ ZH�DGGLWLRQDOO\�SURYLGH�FKHDS��DSSUR[LPDWH�ILHOG�EDVHG�FDOO�
JUDSK�FRQVWUXFWLRQ�IRU�FOLHQWV�WKDW�GR�QRW�UHTXLUH�VRXQGQHVV

Ɣ PDLQ�KLJKOLJKWV�
ż RQO\�WUDFNV�IXQFWLRQV��QR�RWKHU�REMHFWV
ż WUHDWV�SURSHUWLHV�OLNH�JOREDO�YDULDEOHV��OLNH�QDPHG�
SURSHUWLHV�RQ�GLIIHUHQW�REMHFWV�DUH�FRQIODWHG

ż LJQRUHV�G\QDPLF�IHDWXUHV��I§d¨��Ip<Y��<gOkZI[jh������
Ɣ IRU�IXOO�GHWDLOV�VHH

)HOGWKDXV��6FKDHIHU��6ULGKDUDQ��'ROE\��7LS��(IILFLHQW�&RQVWUXFWLRQ�RI
��������������$SSUR[LPDWH�&DOO�*UDSKV�IRU�-DYD6FULSW�,'(�6HUYLFHV��,&6(�������

LPSUHFLVH

XQVRXQG



)LHOG�EDVHG�&DOO�*UDSK�$3,

Ɣ ILHOG�EDVHG�FDOO�JUDSK�EXLOGHUV�VXEFODVV�E]Z�QDZ�q<Y<�E<hj�Wh�
E<YYOg<dP�NQIYGD<hIG��QIYG�<hIG
<YY�g<dP�kQYGIg

Ɣ WKUHH�YDULDQWV�
ż +IhhQZQhjQE
<YY�g<dP�kQYGIg��GRHV��DOPRVW��QR�LQWHUSURFHGXUDO�

SURSDJDWLRQ��YHU\�IDVW��EXW�FDQQRW�UHVROYH��PRVW��FDOO�EDFNV
ż $djQZQhjQE
<YY�g<dP�kQYGIg��IL[SRLQW�LWHUDWLRQ�WR�DFFRXQW�IRU�

LQWHUSURFHGXUDO�IORZV��VORZHU��EXW�PRUH�VRXQG
ż 7]gXYQhj�<hIG$djQZQhjQE
<YY�g<dP�kQYGIg��IDVWHU�YDULDQW�RI�

$djQZQhjQE
<YY�g<dP�kQYGIg

Ɣ XVH�E]Z�QDZ�q<Y<�E<hj�Wh�gPQ[]�E<YYOg<dP�NQIYGD<hIG�jIhj�
�1jQY�

ż FRQVWUXFWRU�WDNHV�0g<[hY<j]g�<Ej]gs�¥H�J���
�hj.PQ[]0g<[hY<j]g�<Ej]gs¦
ż PHWKRG��/
<YY�g<dP�DkQYG
�¥1. �kgY���kQYGIg0sdI�DkQYGIg0sdI¦��

ZKHUH�DkQYGIg0sdI�LV�+�//�!�/0�
��$+0�!�/0�
�RU�
$+0�!�/0�
¢7$.� �/0
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:$/$'HOWD

:$/$'HOWD�LV�D�GHOWD�GHEXJJHU�IRU�SURJUDPV�WKDW�SURFHVV�
-DYD6FULSW�FRGH�

'HOWD�'HEXJJLQJ�3UREOHP
*LYHQ�D�-DYD6FULSW�SURFHVVRU�3�DQG�D�-DYD6FULSW�
SURJUDP�&�VXFK�WKDW�3�IDLOV�RQ�&��ILQG�WKH�VPDOOHVW�
VXESURJUDP�&
�RI�&�VXFK�WKDW�3�VWLOO�IDLOV�RQ�&
��EXW�
QRW�RQ�DQ\�VPDOOHU�VXESURJUDP�

5DWLRQDOH��,W�LV�XVXDOO\�HDVLHU�WR�ILQG�RXW�ZK\�3�IDLOV�RQ�&
�
WKDQ�RQ�&�



+RZ�:$/$'HOWD�:RUNV

6WDQGDUG�GHOWD�GHEXJJLQJ�DOJRULWKP�
Ɣ HQVXUH�WKDW�3�UHDOO\�IDLOV�RQ�&
Ɣ GLVFDUG�VXEWUHH�RI�&
V�$67��HQVXULQJ�WKDW�UHVXOWLQJ�SURJUDP�
LV�VWLOO�V\QWDFWLFDOO\�YDOLG��H�J��
ż UHPRYH�VWDWHPHQWV�ZLWKLQ�D�EORFN�
ż UHPRYH�SURSHUWLHV�LQ�DQ�REMHFW�OLWHUDO�
ż GLVFDUG�IYhI�EUDQFK�RI�DQ�QN�VWDWHPHQW

Ɣ LI�3�VWLOO�IDLOV�RQ�WKH�UHVXOWLQJ�SURJUDP��NHHS�UHGXFLQJ
Ɣ RWKHUZLVH�JR�EDFN�WR�SUHYLRXV�SURJUDP�DQG�WU\�GLIIHUHQW�
UHGXFWLRQ

Ɣ RXWSXW�VPDOOHVW�&�IRU�ZKLFK�3�ZDV�VWLOO�IRXQG�WR�IDLO
,Q�SUDFWLFH��QRW�DOO�SRVVLEOH�UHGXFWLRQV�DUH�WULHG�WR�DYRLG�
H[SRQHQWLDO�EORZXS�



8VDJH

8VXDOO\��:$/$'HOWD�LV�LQYRNHG�OLNH�WKLV�

[]GI�GIYj<�Wh���EZG�Zs¢EZG���IggZhO���� 1.��Q[dkj�Wh

Ɣ Zs¢EZG�FDQ�EH�DQ�DUELWUDU\�VKHOO�FRPPDQG�VWULQJ�WKDW�LV�
LQYRNHG�ZLWK�WKH�UHGXFHG�SURJUDP�DV�LWV�RQO\�DUJXPHQW

Ɣ LI�Zs¢EZG�SULQWV�D�PHVVDJH�FRQWDLQLQJ�)$,/85(�WR�VWGHUU��LW�
LV�FRQVLGHUHG�WR�KDYH�IDLOHG�RQ�WKH�JLYHQ�LQSXW

Ɣ :$/$'HOWD�ZLOO�RXWSXW�GLDJQRVWLFV�RQ�WKH�UHGXFWLRQ�SURFHVV�
DQG�WKH�ILQDO�UHGXFWLRQ�UHVXOW

Ɣ PXFK�PRUH�VRSKLVWLFDWHG�XVHV�DUH�SRVVLEOH��LQ�SDUWLFXODU�
WKHUH�LV�VSHFLDO�VXSSRUW�IRU�GHEXJJLQJ�:$/$�DQDO\VHV��VHH�
Pjjdh���OQjPkD�E]Z�q<Y<�7� ��IYj<�IRU�GRFXPHQWDWLRQ

https://github.com/wala/WALADelta
https://github.com/wala/WALADelta
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-6B:$/$

Ɣ -6B:$/$�LV�D�FROOHFWLRQ�RI�XWLOLWLHV�IRU�SURFHVVLQJ�VRXUFH�
OHYHO�-DYD6FULSW�SURJUDPV

Ɣ WKHVH�WRROV�DUH�WKHPVHOYHV�LPSOHPHQWHG�LQ�-DYD6FULSW
Ɣ QRW�GLUHFWO\�UHODWHG�WR�:$/$��EXW�FDQ�EH�XVHIXOO\�FRPELQHG
Ɣ FXUUHQWO\�RQH�PDLQ�WRRO��WKH�-DYD6FULSW�QRUPDOL]HU
Ɣ DYDLODEOH�IURP�Pjjdh���OQjPkD�E]Z�q<Y<��/¢7� �

https://github.com/wala/JS_WALA


-6B:$/$�1RUPDOL]HU

Ɣ VRXUFH�WR�VRXUFH�WUDQVIRUPDWLRQ�WKDW�EULQJV�-DYD6FULSW�
SURJUDPV�LQWR�VLPSOH�QRUPDO�IRUP��VHH�ZHEVLWH�IRU�GHWDLOV��
ż DOO�YDU�GHFODUDWLRQV�KRLVWHG�WR�EHJLQQLQJ�RI�VFRSH
ż H[DFWO\�RQH�UHWXUQ�VWDWHPHQW�SHU�IXQFWLRQ
ż JOREDO�YDULDEOH�UHIHUHQFHV�UHZULWWHQ�LQWR�SURSHUW\�
DFFHVVHV�RQ�JOREDO�REMHFW

ż IRU�DQG�GR�ZKLOH�ORRSV�GHVXJDUHG�LQWR�ZKLOH�ORRSV
ż FRQWLQXH�GHVXJDUHG�LQWR�EUHDN��HYHU\�EUHDN�KDV�
H[SOLFLW�ODEHO

ż VLQJOH�VWDWHPHQW�ORRS�ERGLHV�RU�FRQGLWLRQDO�EUDQFKHV�DUH�
ZUDSSHG�LQWR�EORFNV

ż QHVWHG�H[SUHVVLRQV�IODWWHQHG�RXW�E\�LQWURGXFLQJ�
WHPSRUDU\�YDULDEOHV



5HDO�ZRUOG�([DPSOH��'HEXJJLQJ�
-6B:$/$�ZLWK�:$/$'HOWD

Ɣ SUREOHP��-6B:$/$�VRPHWLPHV�JLYH�VWDWHPHQWV�ZLWKLQ�
IXQFWLRQ�WKH�VDPH�SRVLWLRQ�DV�IXQFWLRQ�LWVHOI

Ɣ ILUVW�GLVFRYHUHG�RQ��./2&�-DYD6FULSW�ILOH�NkYYE<YI[G<g�Wh
Ɣ ZURWH�VFULSW�hkhdQEQ]kh¢d]hQjQ][h�Wh�WR�GHWHFW�WKLV�SUREOHP�IRU�
JLYHQ�ILOH��DQG�SULQW��N]k[G�hkhdQEQ]kh�d]hQjQ][h��LI�VR��UDQ

[]GI�GIYj<�Wh���EZG�°[]GI�hkhdQEQ]kh¢d]hQjQ][h�Wh°��
��IggZhO�°N]k[G�hkhdQEQ]kh�d]hQjQ][h°�NkYYE<YI[G<g�Wh

Ɣ UHGXFHG�H[DPSOH�

¥Nk[EjQ][¥¦�©�Nk[EjQ][�hIj�IN<kYjh¥¦�©�¹�IrjI[G¥¦��ª�ª¦�

Ɣ jkg[IG�]kj�j]�DI�<�DkO�qQjP�P<[GYQ[O�[IhjIG�Nk[EjQ][h


