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') ENGH~E~N'yISAt<1 DEFAULT CHAR.SET~latinl~ 

FIG. 30 
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CREATE TABLE Din~ct;:n:yEnt:riE::S ( 
t>iroctory£ntryID int(l1) NOT NULL aut,o_iuc!'omont, 

Image ID in.t (11) NOT NULL do! ault' Q .' , 
Ro;:;-t.El(J<:k int(ii) not: null, :# block 1D, 0 for fil0 $ywt.E~m :r()()t 

t>in1.aundD ir.lt-(l1) mrt nuH, 
Filoni)..!m:)lD irrt(11) not !lull, 

ctiml2, dahd:1.mn d(:d'<~'l.1 t NULL, 

mt.ime datetime default NULL, 
atime datot.ime defau.lt NULL, 
length lnt(11) af.:d'mllt Ntr ... L, 
Fil<9E>:t'?lllSionID int (11) ,k!i'"-ntl t NULL, 

# File contents infa: 

pn.l~1AfrY K . .EY (di!:~ctory€!rtl"'iid) y 

KEY lrm":1.gel.d Ctm",,':Seid), 
l<.·EY di:rn.am~,j.d (d.:LrmUnEti.d). 

KEY f H"mameid (filonaJllE,id), 

I<:EY i\tirne 

KEY Has.hID (RashID) > 

KEY length (length), 
KEY fi.l~;~xt~nsi<mid (:fil~@xtGnsiouid), 

) EHGINE:::~~y·IS.AJ1 DEFAULT GHARSET::~la.t.inl; 

FIG. 31 
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r 880 

,.;ork{tummID :dyt (1 U not null a<'ltQ~:LncT~!nwnt, 

t4h~2nRn.t~3:r'C;;~d da:tt)t:i.n)'C;;~, 

;.;h{mStal"t'ld dat><lt im", , 
t:imesStarted int, 

S(11 t!"xt, 
key \-lQrl,;:Ql ... ~eue TV $ 

l'\:i~y ~·ih~~::nEn.t~;jTed ~ 

) futgil1~~my"isa.m <to.fa\llt. chars~~·t:~lattJt1.; 

FIG. 32 

r 900 

RArn) __ pS0ttd,~,~,hvt"'''' (had~,hloc:lcbuf ,t>iZ~lOf (ba,Lolock __ ouf) ) ; 
£,;nprintf {b;~d .... bl\::~~:k .... b~'t:f ~ $i z{~of Cbad ..... h.lock ..... b\lf) ~ IIBAD BLOC}(%(:~t~'~ ~ 0 ~ (:t,i.:n~~ (&no;..<~ ) ; 

~r.~~<O 

~~~'.~~~ 1 

FIG. 33 

r 920 

EX<Hnpk, \l:c'dHillg 
1048576 ·lb.' LlwIJ.,'~r c,f b\'((,s, Si.'H';,d 'IS :,Hl A.Sen (k('in)il( wHldHT, d.u~1 

;:\H' in h:leL sCt;lnCnt. 

"1."1\,· iSrst .'';;~/HH'lt! iLt UIt, nk. 
'},h' sv<.owl sq.:)m'llt in lil(, hk:, 
The la"L "'.:l"lllcnt ill the hk,. 

nlv~~}.:zv 3342:343 '"fhe n~.uHb~~r <:.":f h\·t:v!':~ i.n th~:~ nk~. 

f:(HJlpn.'i;i.'lOn ;dilJ 'Ih".' C()Hlprr:')iil;)O i.d;'~i}rhjHn wNd \u (:<mrpt\':')':, d"i.' i:'~.ig:mFnt.s. By 
(k,f,l.ulL lK' Q}WP1"'i<:-i.tUH ;clii,'niduH b "dih" lH<'.'dH.:< dH.\j 
(='H.{ .. h sf~g:n.1{:nt. })i.: .il:de"p~~l:{Jel)t l.Y ('(~n:prcs~~('(l \\;"~th t t.K: zhb (~1.t(TyP'" 
jkw HlgiiridBl;. 

Al< ;'Z'<X's~if'n prnr.wriy. hll' <,':-;;\rnpl('_ <.~,m.<. • .nt<fac:t1.lJ:''il:r w<i1 ,ld 1.,,' 
the k<':y u:~,,;l I()r til" dLlye l'vhmufactm'ur jX'()[.I;':.r!y . 

. A.H i.Ln;:1g~:: I)rt~1-F:rty. l\~.r ~·:·xn.n)p;c:. :1 .. Blocks ;yuuJd be ~ I.H:· kt:y 
1(;:;'(><1 fm: lh> Blocks pn>j>"'·\v. 

FIG. 34 
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r 1000 

i 1001. ACCESS A DIG~TAL IMAGE GENERATED 
iFROM DIG~TAL INFORMATION RETR~EVED 
iFROM OR PRESENT ON THE DIGITAL , 
: INFORMATION STOR.AGE MEDIUM, THE DIGIT.AL i 
i IMAGE COMPRISING A REPRESENTATION OF : 
!THE DIGITAL INFORM.ATION. ' 

I 
! 1002, EXECUTE, ON THE REPRESENTATION OF i 
iTHE DIGITAL INFORMATION, A FEATURE 
i EXTRACTOR FUNCTION TO 'EXTRACT 
i OCCURRENCES, FROM V'vlTHIN THE DIGIT,L\L 
:INFORMATION, OF A SELECTED FEATURE. 
i THEREBY TO GENERA.TE f\ FE.ATURE 
i EXTRACTOR OUTPUT. 

'1 
l·iiOi~·I~~2~Ji~~i~~i~~~~i~7~Ei~.~iAT;·ON··;·~··' 
:ADDRESS FEATURE EXTRACTOR FUNCTiON TO: 
i EXTRACT OCCURRENCES, FROM WITHI N THE i 
iREPRESENTAT~ON OF THE DIGITAL 
i lNFORMATION, OF EMAIL ADDRESSES, 
iTHEREBY TO GENERATE AN EMAIL ADDRESS 
i FEATURE EXTRACTOR OUTPUT 

'1 
i1004. GENERATING. BASED ON THE EMA~L 
iADDRESS FEATURE E,XTRACTOR OUTPUT, A 
i HISTOGRAM OF OCCURRENCES OF EMAIL 
iADDRESSES W!THIN THE DIGIT.AL 
: ~NFORM,A;TION 

1005. FROM THE HISTOGRAM, IDENT~FY AN 
EM.A.ll ADDRESS THAT OCCURS SIGMFICANTL Y 
MORE FREQUENTLY THAN OTHER EMAIL 
ADDRESSES THEREIN, THEREBY TO 
DETERMINE THE EMAIL ADDRESS OF A 
PRINCIPAL USER OF THE DIGITAL 
INFORMATION STORAGE MEDIUM. 

FIG. 35 



u.s. Patent Aug. 17,2010 Sheet 21 of 24 

I ,:-1020 

:1021. ACCESS FIRST AND SECOND 
: RESPECTIVE DIGITAL IMAGES GENERATED 
:FROM DIGITAL ~NFORM.ATION RETRIEVED 
'FROM OR PRESENT ON THE FIRST AND 
'SECOND DIGIT.AL INFORMATION STORAGE 
: MEDIA. RESPECTIVELY. THE FIRST AND 
: SECOND DIGITAL IMAGES COMPRISING FIRST 
:AND SECOND REPRESENTATIONS, 
:RESPECTIVELY. OF DIGITAL INFORMATION 
: FROM THE FIRST AND SECOND DIGITAL 
INFORMATION STORAGE MEDIA 

·::::::::::::::::::::::::::::::::::::::::::::::::::::i::: ... 
,1022. EXECUTE, ON THE FIRST AND SECOND 
'REPRESENTAnONS,A FE.ATURE EXTRACTOR 
: FUNCTION TO EXTRACT OCCURRENCES, FROM 
:WITHIN THE REPRESENTATIONS OF DIGITAL 
:INFORMATION FROM THE FIRST AND SECOND 
'DIGITAL INFORMATION STORAGE MEDIA, 
'RESPECTIVELY, OF A SELECTED FEATURE. 
:THEREBY TO GENERATE A FEATURE ' 
'EXTRACTOR OUTPUT 

.................................................................... + .......................................................................... : 
,1023, DETECT. BASED ON THE FEATURE 
'EXTRACTOR OUTPUT, PSEUDO-UNIQUE 
:INFORMATION FROM tHE FIRST AND SECOND 
: DIGITAL INFORMATION STORAGE MEDIA; 
: RESPECTIVELY (OR DISK SECTORS 
'CONTAINING PSEUDO-UNIQUE ~NFORMATlON) 

...........••••••••••••••••••••••••••••••••••••• ] ....................................................• 

: 1024, DETECT A DEGREE OF Cotl,~MONALITY 
:8ETWEEN PSEUDO-UNIQUE INFORMATION 
'FROM THE F~RST AND SECOND DIGITAL 
: INFORMATION STOR,A.GE MEDIA, 
: RESPECTIVELY 

1 
: 1025. ~F A SUFFICIENT COMMONALITY OF • 
:PSEUDOYUN~QUE INFORMATION IS DETECTED, : 
: DESIGNATE THE SECOND DIGITAL . 
'INFORMATION STORAGE MEDIUM .AS RELATING: 
: TO THE SOCIAL NETWORK WITH WHICH THE • 
:FIRST DIGITA.L INFORMATION STORAGE 
:MEDIUM HAS PREVIOUSLY BEEN IDENTIFIED 

FIG. 36 
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..................... + ............... . 

r 1040 

:1041, ACCESS RESPECTIVE D~G~TAlIMAGES 
: GENERATED FROM DIGITAL INFORMATION 
! RETRIEVED FROM OR PRESENT ON THE 
!PLURALITY OF DIGITAL INFORMATION 
! STORAGE MEDIA, RESPECTIVELY, THE 
'RESPECTIVE DIGITAL IMAGES COMPRISING 
!RESPECTIVE REPRESENTATIONS OF DIGIT.AL 
: INFORMATION FROM CORRESPONDING ONES 
: OF THE PLURALITY OF DIGIT.A.L INFORMATION 
! STORAGE MEDIA 

J. 
:1042. EXECUTE, ON THE REPRESENTATIONS, A: 
16~[gUURR~E~12:~~~~~g~~ ~~I~gT~~~~o EXTRACT : 
REPRESENTATIONS OF DIGITAL INFORMATION 

!FROM RESPECTIVE ONES OF THE DIGITAL 
!INFORMATION STORAGE MEDIA, OF A 
: SELECTED FEATURE, THEREBY TO GENERATE 
:A FEATURE EXTRACTOR OUTPUT 

r' i····················································· ........................................................... , 

,1043. DETECT, BASED ON THE FEATURE 
! EXTRACTOR OUTPUT, PSEUDO-UNIQUE 
'INFORMATION FROM RESPECTIVE ONES OF 
:THE PLURALITY OF DIGITAL INFORMATION 
: STORAGE MEDIA (OR DISK SECTORS 
• CONTAINING PSEUDO-UNIQUE INFORMATION) 

················r 

---------------,-! 1044. DETECT A DEGREE OF COMMONALITY 
:SETVVEEN PSEUDO-UNIQUE INFORMATION 
.FROM RESPECTIVE ONES OF THE PLURALITY 
! OF DIGITAL INFORMATION STORAGE MEDIA 

···········1·.······ 

.... .Y ... 
'1045. IF AT LEAST A SELECTED DEGREE OF 
! COMMONALITY OF PSEUDO· UNIQUE 
'iNFORMATION IS DETECTED, DESIGNATE 
• RESPECTIVE ONES OF THE PLURALITY OF 
! DIGITAL I NFORMATION STORAGE MEDIA FOR 
.WHICH SUCH COMMONALITY HAS BEEN 
! DETECTED AS RELATING TO .A POTENTIAL 
'SOCIAL NETWORK. THEREBY TO IDENTIFY A 
POTENTL<\L SOCIAL NETv'VORK, 

FIG. 37 
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............................................................................................................... : 

: 1061, GENERATE DIGITAL IMAGES 
REPRESENTATIVE OF DIGITAL INFORMATION 

: FROM RESPECTIVE ONES OF THE PLURALITY 
OF DIGITAL INFORM~\TION STOR.A,GE MEDI.A, 

,······································1 
:1062, APPLY A FEATURE EXTRACTOR 
'FUNCTION TO EXTRACT FEATURES FROM THE 
: DIGITAL I MAGES OR STRING FILES GENERATED 
FROM THE DIGITAl. IMAGES, THE FF.,ATURF. 
EXTRACTOR FUNCTION COMPRISING 

: SCANNING FOR SELECTED PSEUDO-UNIQUE 
:IDENTlFIERB TO IDENTIFY FEATURES FOR 
EXTRACTION, AND STORING EXTRACTED 

'FEATURES FOR SUBSEQUENT ACCESS OR 
:FURTHER ANALYSIS, WHEREBY THE FEATURE 
: EXTRACTION FUNCTION EXTRACTS FEATURES 
FROM ACROSS AT LEAST A SUBSET OF THE 
PLURAUTY OF DIGITAL INFORMATION 

: STORAGE MEDIA 

:1063. APPL'{ A FIRST ORDER CROSS-MEDIA 
:ANALYSIS. WHEREIN THE RESULTS OF 
APPLYING A FEATURE EXTRACTOR FUNCTION 
ARE COMPARED ACROSS MUL.TIPLE ONES OF 
THE PLURALITY OF DIGITAL INFORMATION 
STORAGE MEDIA, TO IDENTIFY DIGITAL 

:INFORMATION STORAGE MEDIA AMONG THE 
'PLURAUTY OF DIGITAL INFORMATION 
: STORAGE MEDIA HAVINGA SELECTED OR 
: MAXIMAL VALUE OR NUMBER OF 
• OCCURRENCES OF A SELECTED FEATURE 

"::::::::::::::::::::::::::::::::::::::::::::::::::::r::::::::::::::::::::::::::::::::::::::::::::::::::' 
1064, APPLY A SECOND ORDER CROSS MEDIA 
ANALYSIS TO GENERATE CORRELAT~ONS 
BET\llfEEN ONES OF THE PLURAliTY OF 
DIGITAL INFORMATION STORAGE MEDIA, 
\VHEREIN THE CORRELATIONS ARE 
GENERATED BASED ON ANAl.YSIS OF 
EXTRACTED FEATURES, TO ENABLE 
CORRELATION OF SELECTED FEATURES 
ACROSS THE PLURALITY OF DIGITAL 
INFORMATION STORAGE MEDIA AND 
DETECTION OF A SELECTED DEGREE OF 
COMMONALITY OF FEATURES EXTRACTED 
FROM GIVEN DIGITAL INFORMATION STORAGE 
MEDIA WITHIN THE PLURALITY OF DIGITAL 
INFORMATION STORAGE MEDIA; AND 
WHEREBY THE METHOD IS OPERABl.E TO 
ENABLE AN OPERATOR TO ANALYZE AND 
CORRELATE INFORMATION FROM ACROSS 
MULTIPLE ONES OF THE PLURALITY OF DIGITAl. 
If\lFORMATION STOR.AGE MEDIA 

FIG. 38 
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1081. GENER.ATE DIGITAL IMAGES REPRESENTATIVE 
OF DIGITAL INFORMATION FROM RESPECTIVE ONES OF 
THE PLURALITY OF DIGITAL INFORMATION STORAGE 
MEDIA 

+ 
1082. GENERATE FROM THE IMAGES AN IMAGE FILE 

+ 
1083. EXTRACT STRINGS FROM THE IMAGE FILE 

+ 
1084. APPLY A. FEATURE EXTRA.CTOR FUNCTION TO 
EXTRACT FEATURES FROM THE STRINGS EXTRACTED 
FROM THE DIGITAL IMAGES. THE FEATURE EXTRACTOR 
FUNCTION COMPRISING SCANNING FOR SELECTED 
PSEUDO·UNIQUE IDENTIFIERS TO IDENTIFY FEATURES 
FOR EXTRACTION. WHEREIN THE FEATURE 
EXTRACTION FUNCTION EXTRACTS FEATURES FROM 
ACROSS AT LEAST A SUBSET OF THE PLURALITY OF 
DIGITi·\L INFORMATION STORAGE MEDl.A AND WRITES 
THE RESULTS TO ONE OR MORE FEATURE FILES 

~ 
1085, APPLY A FIRST ORDER CROSS-MEDIA ANALYSIS, 
WHEREIN THE RESULTS OF APPLYING A FEATURE 
EXTRACTOR FUNCTION ARE COMPARED ACROSS 
MULTIPLE ONES OF THE PLURALITY OF DIGITAL 
INFORMA TlON STORAGE MEDI.A, TO IDENTIFY DIGITAL 
INFORM,ATION STORAGE MEDIA ,A,MONG THE 
PLURALITY OF DIGITAL INFORMATION STORAGE MEDIA 
HAVING A SELECTED OR MAXIMAL VALUE OR !\lUMBER 
OF OCCURRENCES OF A SELECTED FEATURE 

J 
1086. APPLY A SECOND ORDER CROSS MEDIA 
ANALYSIS TO GENERATE CORRELATIONS BETVVEEN 
ONES OF THE PLURALITY OF DIGITAL INFORMATION 
STORAGE MEDIA, WHEREIN THE CORRELATIONS .ARE 
GENERATED BASED ON AN.ALYSIS OF EXTRACTED 
FEATURES. TO ENABLE CORRELATION OF SELECTED 
FEATURES ACROSS THE PLURALITY OF DIGITAL 
INFORMATION STORAGE MEDIA AND DETECTION OF A 
SELECTED DEGREE OF COMMONALITY OF FEATURES 
EXTRACTED FROM GIVEN DIGITAL INFORMATION 
STORAGE MEDIA \'VITHIN THE PLURALITY OF DIGITAL 
INFORM.ATION STORAGE MEDIA; WHEREBY THE 
METHOD IS OPERABLE TO EN,l"SLE AN OPERATOR TO 
AN.ALYZE AND CORRELA,TE INFORMA,TION FROM 
ACROSS MULTIPLE ONES OF THE PLURALITY OF 
DIGITAL INFORMATION STORAGE MEDIA 

FIG. 39 
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FORENSIC FEATURE EXTRACTION AND 
CROSS DRIVE ANALYSIS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

2 
In the following discussion, a set of disks or other digital 

information storage devices or digital information sources to 
be analyzed are as a "corpus" of information. 

One aspect of the invention (and many variations and dif
ferent techniques are described hereinafter and are within the 
spirit and scope of the invention) includes: 

(1) creating a disk image for each disk in a corpus; The present application is a continuation-in-part of U.S. 
patent application Ser. No. 111456,770, filed on luI. 11,2006, 
entitled "Methods and Systems for Storage Device Imaging 
and Searching," incorporated herein by reference, which 
claims the benefit of U.S. Provisional Patent Application Ser. 
No. 60/698,741, filed on luI. 13,2005, entitled "Methods and 
Systems for Storage Device Imaging and Searching," also 
incorporated herein by reference. The present application 
also claims the priority benefit of U.S. Provisional Patent 
Application Ser. No. 60/805,989, filed on lun. 28, 2006, 
entitled "Forensic Feature Extraction and Cross-Drive Analy
sis," incorporated herein by reference. 

(2) for each imaged disk, generating metadata, including 
accession data, feature extraction data, and other data as 

10 described herein; 
(3) indexing and storing disk images and metadata in a 

network-accessible repository, the network including analyti
cal and search engines and other resources that allow analysts 
to access stored disk images and metadata, and encompass 

15 tools to conduct analyses on a single drive within a corpus, 
across a subset of drives within a corpus, across an entire 
corpus, and across a plurality of corpora. 

FIELD OF THE INVENTION 20 

The present invention relates generally to the field of digi-
tal information processing and computing, and, more particu
larly, to methods, devices, systems and software for enabling 
forensic analysts to explore and analyze information con- 25 

tained on computer hard drives and other digital storage 
media. 

The described systems and techniques allow an analyst, for 
example, to accomplish the following tasks, among others: 

(1) identifY "hot drives," i.e., drives of particular forensic 
interest, based on features extracted from the drives in the 
corpus; 

(2) identifY the owner of a drive within a corpus; 
(3) identify subsets of drives within a corpus that are part of 

a social network, or otherwise related to each other, based on 
a degree of cormnonality of selected features extracted from 
the drives; and 

BACKGROUND OF THE INVENTION 
(4) determine whether a particular drive belongs to a social 

network to which a second drive has been identified as 
30 belonging. 

These and many other aspects, features, examples, 
embodiments, practices and implementations of the invention 
are discussed in detail below in conjunction with the attached 

35 drawing figures. 

Police, military, and other intelligence organizations have 
long relied on data harvested from computers seized in secu
rity operations to gain information about criminal or terrorist 
activity and other security threats. Personal computer hard 
drives and other storage media frequently contain a wealth of 
files and other useful information. With the scope and inten
sity of security activities being dramatically increased world
wide, United States and other govermnental security opera
tions, overseas and domestic, are collecting far more hard 40 

drives and other media than can possibly be processed and 
analyzed using conventional methods, techniques and tech
nology. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The following brief descriptions of the drawings are pro
vided as a general guide and are not intended to limit the 
scope of the invention. In particular, each description, other 
than descriptions referring to the prior art, will be understood 
to refer to illustrative examples of systems, techniques, data 
structures, code listings, and the like, according to various Accordingly, a need exists for, and it would be desirable to 

provide, methods, systems, devices and software that would 
expedite the management, analysis and harvesting of hard 
drives and other digital storage media obtained by security 
operations and other activities. 

45 aspects of the invention. 
FIGS. 1 and 2 (Prior Art) show, respectively, diagrams of a 

conventional network architecture and a conventional per
sonal computer (PC) architecture that may be used to imple
ment various aspects of the invention, as described herein. 

SUMMARY OF THE INVENTION 50 FIG. 3 shows a schematic block diagram of a system 
according to one aspect of the invention, including an imag
ing station, an analysis engine, a site databank, and an analyst 
workstation. 

The present invention addresses this need and others by 
providing methods, systems, devices and a software architec
ture that enables analysts to manage and explore the informa
tion that hard drives and other storage devices or sources of 
data may contain, extract forensic features for analysis, and 
perform cross drive analysis to identifY social networks and 
perform other functions. 

FIG. 4 shows a functional block diagram ofa system archi-
55 tecture according to a further aspect of the invention, provid

ing a high-level illustration of the flow of information and 
system operations. 

In the following discussion, one embodiment of such an 
architecture is referred to variously as "Alix" or the "Alix 60 

architecture". While some of the embodiments are described 
in the context of analysis of hard drives and networks of hard 
drives, the methods and systems described herein are equiva
lently applicable to analysis of other types of digital informa
tion storage devices (whether disk drives or other forms) or 65 

digital information sources, such as via counection to the 
Internet or other networks. 

FIG. 5 shows a flowchart of a method for copying disk 
blocks as part of a disk imaging process. 

FIG. 6 shows a flowchart of an image synchronization 
protocol. 

FIG. 7 shows a flowchart illustrating an image synchroni
zation protocol, performed, in one embodiment, using the 
AFF file format. 

FIG. 8 shows a flowchart illustrating the operation of the 
import cormnand used to import data images into the Site 
Databank. 
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FIG. 9 shows a code listing illustrating the use of the 
zblocks field as a check on a block hash. 

FIG. 10 shows a histogram of the top 15 email addresses 
found on a drive in a sample corpus of hard drives. 

FIG. 11 shows a histogram of the top 15 email addresses 
found on another drive in the sample corpus of hard drives. 

FIG. 12 shows a histogram of the 15 email addresses that 
are on the largest number of drives in the sample corpus of 
hard drives. 

FIG. 13 shows a table listing the disk images containing the 
largest number of extracted social security numbers (SSNs) 
after obvious test data have been suppressed. 

FIG. 14 shows a histogram analysis of different correla
tions of email addresses found on drives in the sample corpus 
of hard drives. 

FIG. 15 shows a table setting forth the results of a multi
drive correlation of social security numbers (SSNs). 

FIG. 16 shows a table setting forth the results of three 
scoring functions applied to some of the drive pairs shown in 
FIG. 15. 

FIG. 17 shows a table noting the maximum score for all 
drives. 

FIG. 18 shows a flowchart illustrating data flows through 
the Alix system as it conducts a cross-drive analysis. 

4 
drives. In addition, the system provides a repository for col
lected drives and media, automating time-consuming and 
tedious tasks such as drive collection, imaging, cataloging, 
and image transport. 

The invention can be practiced in conjunction with con
ventional personal computer (PC) or workstation hardware 
and software, as well as conventional digital processor net
works and storage networks. Examples of platforms and envi
ronments in which the invention can be practiced are shown 

10 by way of background in FIG. 1 (Prior Art) and FIG. 2 (Prior 
Art). It will be understood by those skilled in the art that the 
described methods and systems can be implemented in soft
ware, hardware, or a combination of software and hardware, 
using conventional computer apparatus such as a personal 

15 computer (PC) or equivalent device operating in accordance 
with, or emulating, a conventional operating system such as 
FreeBSD, Microsoft Windows, Linux, or Unix, either in a 
standalone configuration or across a network. The various 
processing means and computational means described below 

20 and recited in the claims may therefore be implemented in the 
software and/or hardware elements of a properly configured 
digital processing device or network of devices. 

FIG. 19 shows an exemplary feature file according to an 25 

aspect of the invention. 

Methods, devices or software products in accordance with 
the invention can operate on any of a wide range of conven
tional computing devices and systems, such as those depicted 
by way of example in FIG. 1 (e.g., network system 100), 
whether standalone, networked, portable or fixed, including 
conventional PCs 102, laptops 104, handheld or mobile com-

FIG. 20-32 show a series of code listings for generating 
data tables that can suitably be used to implement various 
aspects of the invention. 

FIG. 33 shows a pseudocode listing, illustrating a tech- 30 

nique for creating a 512-byte bad block sector. 

puters 106, or across the Internet or other networks 108, 
which may in turn include servers 110 and storage 112. 

Consistent with conventional computer software and hard
ware practice, a software application configured in accor
dance with the invention can operate within, e.g., a PC 102 
like that shown in FIG. 2, in which program instructions can 
be read from CD ROM 116, magnetic disk or other storage 
120 and loaded into RAM 114 for execution by CPU 118. 

FIG. 34 shows a table of key definitions for the Alix IMG 
file format (also variously referred to herein as "AFF" file 
format). 

FIGS. 35-39 show a series of flowcharts, illustrating a 35 

number of general methods according to further aspects of the 
invention. 

DETAILED DESCRIPTION 

The following detailed description of the invention is orga-
nized into the following sections: 

A. Overview and Technical Background 
B. Examples of Architecture and Methods 
C. Additional Methods According to the Invention 
D. Conclusion 
Those skilled in the art will appreciate that the detailed 

description set forth herein is not intended to be limiting, but 
to be illustrative of various implementations, examples, 
embodiments and practices of the invention. It will be under
stood that many other modifications, variations and imple
mentations of the invention are possible and are within the 
spirit and scope of the invention. For example, various aspects 
of the invention described above and claimed in the patent 
claims appended hereto can be practiced without using the 
complete architecture (e.g., the Alix architecture) described 
herein. Those skilled in the art will also appreciate that the 
methods, techniques, devices and systems described herein 
can be embodied at least in part in computer software, com
puter hardware, or some combination thereof. 

A. Overview and Technical Background 

Data, in addition to data from digital disk drives, digital 
storage devices or other digital information sources accessed 
for analysis, can be input into the system via any known 

40 device, or means, including a conventional keyboard, scan
ner, mouse or other elements 103. Thus, among other forms, 
the invention can be embodied as a computer software prod
uct comprising a computer-readable medium having encoded 
thereon or therein computer-readable software code instruc-

45 tions, whether the medium is a CD-ROM, memory key 
(RAM), custom ASIC chip, ROM chip, or whether the soft
ware product is downloadable or up-loadable from a local or 
remote source such as a WAN, LAN, or the Internet. These 
and many other forms of software products are well known in 

50 the technology of digital processors, computers and net
works. The invention could also be equivalently embodied in 
hardware, such as in a custom ASIC chip or in ROM, using 
known computer techniques. 

55 As described in further detail below, the system provides a 
number of functions, including the following: 

(1) Disk image acquisition, archiving and management. An 
aspect of the invention provides a unified system that allows 
the contents of captured drives to be rapidly imaged, indexed 

60 and archived. Forensic experts throughout an organization 
can download these images to their workstations and analyze 
them with traditional tools such as Encase, FTK and TSK. 

Using the invention, an analyst can rapidly assess a large 
collection of disk drives or other digital media and determine 65 

which ones warrant or could benefit from additional investi-

(2) Large-scale disk indexing. Another aspect of the inven
tion involves constructing a large-scale index of the human 
names, email addresses, and documents located on all of the 
images that have been archived. These images can then be 

gation. The system can look for patterns that emerge between rapidly searched for information of interest. 
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(3) Hot drive identification. Another aspect of the invention 
comprises automatically identifYing drives likely to be of 
interest to an analyst; for example, drives containing large 
amounts of financial information. 

(4) Cross-drive analysis (CDA). Another aspect of the 
invention provides cross-drive analysis techniques that can be 
used for automatic identification of social networks and other 
functions. 

6 
According to the present aspect of the invention, the Imag

ing Workstation 152 is implemented using an Intel IA32-
based computer running the FreeBSD operating system. 
However, it will be apparent from the present discussion that 
other platforms and operating systems can be used equiva
lently as well without departing from the scope of the present 
invention. The Imaging Workstation 302 sends its acquired 
images of drives 151 to the Site Databank 156 using an image 
synchronization protocol. 

If desired, a document scanner (not shown) may be pro-
vided as part of the Imaging Workstation 152, so that if any 
paper documentation accompanies a drive, the infonnation 
can be readily scanned into the system. If a scanner is used, 
the Imaging Workstation 152 can be run using the Linux 

According to an aspect of the invention, the described 
systems and techniques are implemented using a multi-user, 10 

plug-in architecture that implements an open, extensible 
application programming interface (API). This API can be 
used by system developers and simultaneously exposed to 
end-users, allowing users to write their own components and 
share in development and implementation of the technology. 15 operating system, which currently has better scarmer and 

OCR support than does FreeBSD. For example, ABBYY 
Software House of Fremont, Calif. has a developer package 
that runs under Linux. 

Aspects of the invention, and other techniques, practices 
and examples in accordance with the invention are discussed 
in detail below. 

The Analysis Engine 154 imports images into the Site 
B. Examples of Architecture and Methods 

The following description of an architecture and methods 
according to the invention is divided into the following sub
sections: 

20 Databank 156 and executes queries for a human analyst/ 
operator. According to the present aspect of the invention, the 
Analysis Engine 154 is implemented using an Intel IA32-
based or Advanced Micro Devices AMD64-based computer 
running the FreeBSD operating system and the Apache2 web 

1. Examples of Components 
2. Conventions and Nomenclature 
3. Drive Accession 

25 server. According to a further aspect of the invention, the 
Analysis Engine 154 runs automatically in response to timed 
events and queries from an Analyst Workstation 158. 

4. Drive Imaging 
The Site Databank 156, also referred to herein as the "Data

bank," is a data warehouse that is used to store all infonnation 
5. Image Importing 
6. Feature Extraction 
7. The Analyst Workstation and the Analysis Engine 
8. Examples of Database Schema 
9. Examples ofImage File Fonnats 

30 for a given Alix installation. The Site Databank 156 can run on 
a single server. According to the present embodiment of the 
invention, the Site Databank 156 is implemented using an 
IA32 or AMD64-based computer running the FreeBSD oper
ating system and the MySQL web server. The Site Databank 

It is noted that these section headings are provided to help 
organize the present discussion and are not intended to limit 
the scope of the present invention. As noted elsewhere herein, 

35 156 can run on the same physical hardware as the Analysis 
Engine 154, although greater perfonnance will be achieved 
by running it on a separate CPU connected to the Analysis 
Engine 154 through gigabit Ethernet or a dedicated Firewire 
interface. 

a wide range of variations and modifications is possible and 
within the spirit and scope of the present invention. For 
example, the techniques noted herein can be practiced with- 40 

out using the architecture described by way of example in this 
document. 

1. Components 
In one embodiment of the invention, as shown in FIG. 3 45 

attached hereto, one form of architecture 150 that can be used 
in the invention (e.g., the Alix architecture) comprises four 
components: an Imaging Workstation 152, an Analysis 
Engine 154, a Site Databank 156 and an Analyst Workstation 
158 that are used to image, search, and otherwise manage 50 

drives 151 acquired from the field. As used herein, the tenn 
"drives" generally refers to devices used to store digital infor
mation in machine-readable form, including computer hard 
drives, flash drives, handheld devices, and the like. As 
described below, various modification and variations in this 55 

architecture are possible and are within the spirit and scope of 
the invention. 

The Imaging Workstation 152, also referred to herein as the 
"Imaging Station," is a computer that is used to copy infor
mation from physical drives 151 and prepare it for incorpo- 60 

ration into the Site Databank 156. The Imaging Workstation 
152 can be equipped with multiple interfaces for reading 
ATA, SATA, and SCSI hard drives, as well as a wide variety 
of other types of storage devices, including flash-based 
memory devices and the like. Imaging Workstations 152 can 65 

also read disks containing image files that were acquired at 
other locations. 

An Analyst Workstation 158 provides a trained individual 
with a means for running searches on, and retrieving infor
mation from, the Site Databank 156. Ideally, an Analyst 
Workstation 158 will interact with the Site Databank 156 
using a standard Web browser. According to the present 
aspect of the invention, the Analyst Workstations 158 may 
suitably be implemented as PCs running either Microsoft 
Windows XP or Linux. 

The Imaging Station 152 supports disconnected operation, 
allowing it to be used in the field, such as by running on a 
laptop, or in a remote facility. The Analysis Engine 154 gen
erally requires real-time access to the Site Databank 156. It 
will be seen that, together, the Site Databank 156, Analysis 
Engine 154, and Analyst Workstation 158 resemble a three
tier client/server system, in which the Site Databank 156 
provides a database management function, the Analysis 
Engine 154 provides a process management function, and the 
Analyst Workstation 158 provides a user system interface. 
However, it will be appreciated that the techniques described 
herein may be practiced using other configurations. 

FIG. 4 is a functional block diagram of the Alix architec
ture 200, providing a high-level illustration of the flow of 
information and system operations. Drives acquired from the 
field 202 first undergo a drive accession process 204 and a 
drive imaging process 206. The physical drives are then 
placed into cold storage 208. The drive accession infonnation 
and drive images then undergo an image importing process 
210, in which a drive catalog 212 and an image repository 214 
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are populated. The drive image repository 214 undergoes a 
feature extraction process 216, and the resulting information 
is used to populate a metadata repository 218. The metadata 
repository 218 is supplemented with a Basis hash collection 
220, as well as NIST and FBI hash codes 222. A correlation 
agent 224 then accesses the drive catalog 212 and metadata 
repository 218 to identifY "hot" drives 226, that is, drives 
determined to be of particular forensic interest. 

8 
The following identifiers are defined herein: 
CodePageID: A table that maps code pages to ordinals used 

by Alix. According to an aspect of the invention, this identifier 
table is read-only and is distributed as part oftheAlix distri
bution. 

DirectoryEntryID: A complete list of all the directory 
entries that were observed on a specific disk image. The 
FileIDs table contains all meta-information observed for the 
file. A DimameID of 0 and a FilenameID of zero indicates that 

10 the file's name is not known, as might be the case with Unix 
inodes that are not connected to a specific directory. 

Those skilled in the art will understand that the hardware 
components and underlying software of these elements can 
utilize commercially available or otherwise known tech
niques, implemented in accordance with the teachings of the 
invention. The physical drives by themselves, for example, 
form no part of the present invention. The Basis hash collec- 15 

tion block 220 and the NIST & FBI hash codes block 222 

FileNameID: A specific file name. File names are consid
ered to be case sensitive. Thus, command. com and COM
MAND.COM have different FileNameIDs. Experience indi
cates that there is a difference between finding command. com 
on a hard drive and finding COMMAND.COM. It appears 
that COMMAND.COM was put on the disk by older versions 
of FORMAT, while command.com was put there by newer 

refer to compilations of hash values available from other 
sources. 

2. Conventions and Nomenclature 
Site: As used herein, the term "Alix site" or "site" refers to 

an installation of the Alix software comprising one or more 
Imaging Stations, one or more Analysis Engines, a Site Data
bank, and one or more Analyst Workstations. 

Accession: The term "Accession" refers to the process of 
assigning a unique identifier to a drive and recording that 
identifier in the Alix database. The Accession process may 
include other steps, such as placing a barcode on a physical 
drive. 

20 versions. Thus, if one encounters command. com on an old 
drive, this may indicate that it was reformatted on a modem 
computer for the explicit purpose of hiding information. 

FileExtID: File extension, such as txt, doc, and xIs. Exten
sions are normalized to lower case and do not include the 

25 leading period. Note that these extensions only reflect the 
name that was found in a directory, and are not indicative of 
the file's actual contents. 

Deleted File: The term "deleted file" refers to a specific file, 30 

identified by fileID, that is present on the disk, but that has 
been deleted. 

DirNameID: A specific directory name, also considered to 
be case sensitive. Typical DirNames are root, /, and /Win
dows. Directory names are normalized to use the forward 
slash as the directory separator, but are displayed in which
ever form the analyst prefers. 

Feature Extraction: The term "Feature Extraction" refers to 
first-order analysis of an imported image. Feature Extraction 
includes counting the number of zblocks, computing the hash 
of every block in the image, tabulating files, and performing 
other tasks, as described in further detail below. 

Imaging: The term "imaging" refers to the process of copy
ing the data off the drive and into Alix. Each time this process 
is performed, a drive image is created. A drive can be imaged 
multiple times. Depending on the drive's conditions that are 
set before the drive is imaged, these multiple image attempts 
can result in the same or different image files being created. 

Importing: The term "importing" refers to the process of 
incorporating a drive image into the Alix database. An image 
cannot be incorporated until the drive that produced the image 
has been Accessioned. 

Allocated File: The term "allocated file" refers to a specific 
file, identified by fileID, that is present and not deleted on a 
disk image. 

zblock: The term "zblock" refers to a 512-byte block that is 
filled with NULs. A zblock can be characterized as follows: 
MD5 (zblock.img)=bf61geacOcdf3f68d496ea9344137 e8b 

SHAI (zblock.img)=5c3eb80066420002 
bc3dcc7ca4ab6efad7ed4ae5 

2.1 Identifiers 

Identifiers are site-specific ordinals that exist to identify 
large entities. The identifier is then used as a key into data
bases for queries. 

An identifier table is a database table that is used to hold the 
collection of identifiers used by a specific site. 

Identifiers always end with the string ID, as in FileID or 
HashID. The corresponding identifier table always ends in the 
string s, as in FileIDs or HashIDs. 

DriveID: An identifier for a specific physical drive. 

ImageID: An identifier corresponding to a specific image 
35 that was acquired from a drive. When both the hard drive and 

the imaging workstation are healthy, it is expected that all 
images acquired from the drive will be the same. However, 
when a hard drive is failing or when the imaging workstation 
is in disrepair, it is possible that multiple imaging operations 

40 will result in different images. 

HashID: Rather than consume 16 or 20 bytes for an MD5 or 
SHAI hash in every database table, the database has a single 
table that maps hash codes to a HashID. Each row of the table 

45 consists of a (HashID, HashAlgorithm, HashCode) tuple. The 
HashCode is stored as a blob for efficiency. 

HttpCookieID: Identities a cookie that was found on an 
image. HTTP Cookies are stored in a normalized form. 

In the nomenclature used herein, intercaps are typically 
50 used, rather than underbars. The exception is the feature 

extraction tables, which are named fe_feature. Persistent 
names begin with a capital letter. 

55 

3. Drive Accession 

Each drive that is accessioned must have a name that is 
unique to the Site. These names can be provided by the 
customer or assigned by Alix. Candidates for drive names 
include: the manufacturer serial number; an identifier pro
vided by the party that acquired the drive; a randomly-gener-

60 ated identifier; or other suitable identifying name. 

It is useful for a technician to be able to look at the drive and 
determine the drive's identifier. One of the problems with 
using manufacturer-provided serial numbers is that disk 
drives tend to have many serial numbers on them. For 

65 example, the circuit board can have a serial number, as can the 
connector, the drive assembly, and the like. Sometimes, drives 
that are sold by resellers are given additional serial numbers. 
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Although it may be tempting to record all of the serial num
bers that are present on a typical drive, in practice, this is 
neither necessary nor useful. 

It has been found that it is useful to record at least the 
following information when drives are accessioned: 

10 
Raw or ISO: A block-for-block copy of data found on the 

original hard drive. Blocks that could not be read from the 
disk must be padded in the image file. Although NULs 
(zblocks) are commonly used for padding, there are advan
tages to using a different block that is clearly bad data. 

Expert Witness: The file fonnat used by the original 
EnCase forensics application program. This is a documented 
file format. It supports file compression and limited metadata. 

Manufacturer: If it can be determined, otherwise NULL. 
ModelNumber: There are times when unrelated projects 

have need for drives of a specific manufacturer and model 
number. By recording this information, the Alix system 
makes it possible to rapidly meet these requests. 

SerialNumber: The manufacturer-provided serial number, 
if visible, otherwise NULL. 

Expert Witness 5.0 (and its progeny): The more recent file 
10 format(s) used by Encase. It supports file compression and 

more meta data. 

Heads: The number of drive heads, as written on the label. 
If nothing is written on the label, this field should be NULL. 

SectorsPerTrack: If written on the label. When using older 
drives, motherboards and operating systems, it is possible to 
use a drive in an improper configuration. That can result in the 
disk sectors being jumbled, preventing file systems from 
being able to interpret the information on the disk. 

There is now discussed the hardware required to image a 
hard drive. Hard drives to be imaged typically come in many 
shapes and sizes. Among the commonly encountered drive 

15 formats are 3.5" ATA, 2.5"ATA, 3.5" SCSI, 3.5" SATA(Serial 
ATA), and 3.5" SSCSI (Serial SCSI). The general character
istics of these are as follows: 

DateOfManufacture: A date that is present on the drive 
indicating the day when the drive was manufactured. If only 

3.5" ATA: The type of drive typically present in current 
desktop PCs. This drive has a 41-pin male connector, a set of 

20 pins for jumpers, and a Molex 8981 series power connector 
that provides power and ground. 

a year is found, the day should be set to be January 1 of that 
year. 

DateAcquired: The date the drive was acquired from the 
field. 25 

Source: A free-format text field. 
CaseNum: Case number, a free-format text field. 
DNotes: A free-format text field for notes about the disk 

drive. 
DOA: True if an image was attempted, but failed. False if 

the drive was successfully imaged. NULL if no attempt has 
been made. 

30 

2.5" ATA: The type of drive typically present in current 
laptop and notebook computers. This drive has a 43-pin male 
connector for data and power. 

3.5" SCSI: A type of drive present in many servers in the 
1990s, now generally falling out of favor. 

3.5" SATA: A type of drive present in newer high-end 
desktop machines and servers. These drives have a 6-pin 
connector for data and a standard Molex connector for power. 

Other types of drives less likely to be encountered include: 
5" ATA and SCSI drives, which are substantially like cur
rently used 3.5" drives; 5" hard drives, typically having a 
proprietary connector; and 3.5" proprietary hard drives from 
the 1980s, present in both early laptops and in some desktop AUlD: A 128-bit unique accession number that is created 

for this drive. 35 machines of that era. 
These values are stored in the drives table, as described 

below. It should be noted that other accession values may be 
stored, as desired, with departing from the scope of the 
present invention. 

Data and power connections to the above-described drives 
can be made using known techniques, adapters and power 
supplies, which may include USB adapters, Firewire adap
tors, and various data and power connectors. On typical 3.5" 

4. Drive Imaging 
Drive Imaging is the process of taking data off each physi-

40 disk drives, for example, there is a 43-pin ATA connector, a 
small area of configuration jumpers, and a Molex power 
connector. The connector should be oriented so that the notch 
goes up and the "missing pin" goes down. Some connecting cal hard drive to be analyzed and placing it into a disk file, 

called an image file, on the Imaging Station. There are a 
number of advantages to working with an image file. For 45 

example, older hard drives are quite small. By imaging the 
disk and then working with an image file, workflow is accel
erated. In addition, more than one person can access an image 
file at a time. Image files can be copied and backed up. If a 
hard drive fails, the analyst still has the image file. Still fur- 50 

ther, while as a general matter one can only have a few hard 
drives counected to a given computer at a given time, you can 
have any number of image files on a computer. 

A particular goal of imaging is to make a complete and 
perfect copy of all of the data on the hard drive. This can be 55 

complicated by several factors. For example, if the hard drive 
is in poor condition, it may not be readable. Alternatively, one 
may get different data every time one reads the drive. In 
addition, the hard drive may contain information that is not 
accessible using standardATA or SCSI read commands. This 60 

might include infonnation that is in bad blocks, hidden infor
mation in vendor-specific areas, and information in the host
protected area (HPA) if the hard drive is configured with an 
HPA. 

Image file formats are discussed in further detail below. As 65 

a general matter, there are a number of file formats of interest, 
as follows: 

cables have a notch but no missing pin, while some have a 
missing pin but no notch. 

On some drives, such as 2.5" drives, a USB adapter can be 
used to provide the required +5V power. Some Firewire 
adapters can also be used, configured to snap onto the back of 
a 3.5" disk drive and providing two Firewire connectors, 
allowing several Firewire devices to be chained together. 
Where such an adapter requires +5V power, it can be taken 
from the hard drive's power using a pass-through pair of 
Molex connectors. Other adapters can be purchased or con
structed using known techniques, such as an adapter that 
enables a 2.5" laptop hard disk drive to be connected to a 3.5" 
IDE adapter. 

The software used to control copying or writing of data to 
or from the disk drive can be written in any of a range of 
software languages, such as C, Python or Perl, in accordance 
with known programming techniques. Experimentation sug
gests that substantially equivalent perfonnance can be 
achieved using code written in any of these various lan
guages. 

There are many ways to image drives. The Alix system 
currently supports the following: 

An ATA drive can be attached to a computer using a 
Firewire adapter. The Firewire disk driver is used to access the 
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image. Thus, bad blocks are readily identified within the 
image, but there is little chance of mistaking valid data for a 
bad block. 

drive's raw partition, and the image is copied off block-by
block. This is a highly efficient approach, as the Firewire 
slides that the Applicant has tested appear to function better 
than the USB slides. 

An ATA drive can be attached to a computer using a USB 
adapter. The USB disk driver is used to access the raw parti
tion. 

In addition, bad blocks do not need to be stored in a sparse 
5 image file, and their repeating character makes it likely that 

they will be compressed via a good block compression algo
rithm. 

AnATA drive can be connected directly to anATA interface 
on a computer's motherboard or a PCI card. This works well, 10 

but requires that the adapter be detached and reattached to the 
operating system. The FreeBSD operating system supports 
this with the atacontrol command. 

4.2 Image Data and Metadata Collection 
According to a further aspect of the invention, the follow

ing information is recorded for each disk: 
AUlD: The audit user ID for which the image file was 

collected. 
Driveldent: How the drive's ATA or SCSI interface iden-A SCSI drive can be connected directly to a host SCSI 

interface, either on the computer's motherboard or on an ISA 
card. This works well, but requires that the SCSI device be 
detached and reattached to the computer's operating system. 
The FreeBSD operating system supports this with the cam
control command. 

15 tifies the drive. 

A number of additional drive imaging techniques can be 20 

implemented. For example, the image can be imported using 

Image: The actual image file. 
Hash: The hash of the image file. 
HashAlg: The algorithm used to compute the hash. 
ImageEquip: Equipment that was used to create the image. 

This is useful for tracing back systematic imaging errors that 
might have resulted from equipment malfunction. 

ImageTime: The date and time that the image was 
acquired. 

a hand-held disk imaging device designed for use by law 
enforcement or intelligence-gathering personnel, or the 
image can be read from a flash card or stick using a flash 
reader. 

ImageTimeTZ: The time zone for ImageTime. Some data-
25 bases do not store the time zone with the time. 

4.1 Block Copying 

Using currently available equipment and techniques, it 
typically takes between 5 and 30 minutes to copy all of the 
data off a disk drive. This time is relatively constant because 30 

higher capacity drives generally spin faster and have faster 
transfer times than lower capacity drives. 

It is much faster to read a disk by processing multiple 
blocks at a time. A block contains 512 bytes of data. Experi
mentation indicates that an optimal transfer size is 64K, or 35 

128 blocks. The problem with a large block size is that a 
single bad block will cause the entire 64K read to fail. FIG. 5 
shows a flowchart of a method 250 for reading for reading 
disk blocks that addresses this issue. 

In step 251, a block starting point N is initialized by setting 40 

it equal to zero. In step 252, the system attempts to read 128 
blocks, starting at block N. If it is determined in step 253 that 
the read is successful. i.e., if all 128 blocks are readable, then 

ImageSeconds: The number of seconds required to image 
the disk. This can be useful for evaluating the drive's health, 
since drives that take uncharacteristically long to image fre
quently have bad or failing blocks. 

ImageBlocks: The number of blocks in the image. 
BadBlocks: The number of blocks that could not be read. 
INotes: Notes associated with the imaging. 

5. Image Importing 
The number of image files and accession data files that can 

be collected on the Imaging Station is limited only by the size 
of the Imaging Station's sell-contained storage. Once col
lected, these files are transferred to the Site Databank using 
the image synchronization protocol. 

FIG. 6 shows a flowchart of an image synchronization 
protocol 300 according to this aspect of the invention. In step 
301, it is determined whether the accession data has been 
previously transferred to the Site Databank. In step 302, the 
accession data is sent to the Site Databank if it is not present. 

in step 254 the starting point is incremented by 128, and the 
system returns to step 252. If it is determined in step 253 that 
the read is not successful, then presumably at least one of the 
128 blocks is a "bad" block. In step 255, the system attempts 

45 The accession data includes the AUlD and the metadata. In 

to read blocks N through N+127 with a read size of 1 block, 
rather than 128 blocks. In step 256, each identified "bad" 
block is processed, as described in further detail below. The 50 

system then proceeds to step 254. 

step 303, it is verified that the accession data is now in the Site 
Databank. In step 304, the database is queried to determine 
whether the image with (AUID, Hash) has been uploaded yet. 
If the image has been uploaded, report that the image has 
already been uploaded and abort. In step 305, the image 
metadata is sent to the Site Databank. This is typically done 
with XML RPC. In step 306, the image is sent to the Site 
Databank. In step 306, the arrival of the image is conformed 
by comparing its hash code with the hash code on the primary 

Each block that cannot be read is noted in a per-image bad 
block table. This table is preferably stored in suitably com
pressed form, since a 40 GB disk, for example, has 80 million 
blocks. 

55 system. In step 307, the image file on the Imaging Station is 
deleted. The protocol 300 should also provide for security, so 
that unauthorized imaging stations cannot upload their own 
images. 

Ifbad blocks appear in the middle of an image, it is impor
tant to fill those bad blocks with a specific value in the image 
file so that the correct blocks remain properly aligned. 
Although it is common practice in other situations to fill bad 60 

blocks with NULs in the image file, the Alix system of the 
invention generally does not follow this practice, because 
NUL-filled blocks can be forensically significant. 

Instead, according to a further aspect of the invention, the 
Alix system fills the bad blocks with a 512-byte value that 
begins with "BAD BLOCK\OOO" and then contains 502 bytes 
of a randomly selected value that is unique to the specific disk 

FIG. 7 is a flowchart illustrating an image synchronization 
protocol 350 performed using an industry standard file format 
(which can be AFF or other). The following sequence of 
operations initiated at the Imaging Station. In step 351, the 
local hash H of the file is computed. In step 352, the Site 
Databank is instructed to delete any file name H. In step 353, 

65 the file is transferred, a megabyte at a time. In step 354, the 
remote system is instructed to compute the hash of the file. In 
step 355, the image is sent to the Site Databank. In step 356, 
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if the hashes match, the Site Databank is instructed to import 
the file. In step 357, the file on the Imaging Station is deleted. 

A further aspect of the Alix system provides a protocol 
based on XML RPC to transfer image files from the Imaging 
Station to the Site Databank. Although the system could use 
standard protocols like scp ortftp, that would require a second 
authentication system and create a second data path. Thus, 
there is some advantage to using a custom, reliable file trans
port protocol based on XML RPC. The following discussion 
defines the protocol. 10 

write(RashID,offset,len,bytes): Writes an array of len 
bytes to offset offset in a file whose name is specified by 
RashID. This is implemented opening the file whose name is 
RashID in hex, doing an lseek to offset, and then writing len 
bytes. Returns "OK" if successful and "FAIL error descrip- 15 

tion" iffailed. 
hash(RashID,algorithm): Performs the cryptographic hash 

of the file specified by RashID using the algorithm algorithm 
and returns the value in hex. Returns "FAIL error descrip-
tion" iffailure. 20 

delete(RashID): Deletes the file specified by RashID. 
Returns "OK" if successful and "FAIL error description" on 
failure. 

import(RashID): Imports the file specified by RashID. 25 

Returns "OK" if successful and "FAIL error description" on 
failure. Automatically removes the file named RashID from 
the import directory on completion. 

The operation of the write, hash and delete RPC commands 

14 
6.1 Feature Table 

Feature extraction can potentially generate tens of millions 
of data elements on the scan of a single hard drive. Although 
it is tempting to store features in the database, conventional 
databases fail when confronted with tables containing several 
hnndred million records. To alleviate this problem, the Alix 
system of the present invention uses a "Feature Table" that is 
designed for performing cross-drive correlations. Each table 
consists of a single text file in the following format: 

block count feature 

where block is the ASCII block number of where the feature 
was fonnd, count is the number of this feature that were 
found, and feature is the feature itself. The features may be 
located at block or they may be located in subsequent blocks, 
in which case the actual block numbers are not recorded in the 
Feature Table. Feature Tables are designed for performing 
bulk feature correlation across many thousands of disk drives. 
These tables allow Alix to solve second-order forensic que
nes. 

First-Order and Second-Order Forensic Queries: A first
order forensic query is a question that can be answered simply 
by running a filter process across all of the images in the 
collection, and tabulating the result. For example, using a 
Credit Card number detector, discussed below, a typical first
order question might be: "What is the disk drive that contains 
the most credit card numbers?" This is a highly useful query 
if the operator is interested in finding "hot drives." In this case, 
a "hot drive" is to be defined to be a drive containing a large 

is evident from the present discussion. FIG. 8 shows a flow
chart illustrating the operation of the import command 400. In 
step 401, the accession data is extracted from the image file. 

30 quantity of financial information. The definition of a "hot 
drive" may be freely modified, depending upon the particular 
analysis that is being performed. "Rot drive" criteria may he 
updated, refined, discarded, or otherwise modified, as the In step 402, it is determined whether the drive has already 

been accessioned. If not, the drive is accessioned. In step 403, 
the image metadata is extracted from the image file. In step 35 

404, the image metadata is added into the Site Databank. In 
step 405, the image file is moved into the location on the Site 
Databank that is used to store image files of this type. In step 
406, an "OK" is reported to the Image Workstation. 

Once the image is imported, the disk has been accessioned 
and the metadata for the image is resident in the database. At 
that point, however, nothing else is known about the image, 
including how many blocks are zblocks. These values in the 
database are determined during the process of Feature Extrac
tion. 

6. Feature Extraction 
Feature Extraction (FE) is the process of scanning imaged 

data for specific information that can be placed into the data
base. According to an aspect of the invention, FE occurs 
automatically after images have been imported in sequential 
fashion by a dedicated process. FE is a hatch operation; a 
single process guarantees that there will not be contention 
between multiple FE operations, which may result in a 
decrease in overall system performance. 

In accordance with one embodiment of the invention, the 
FE process is automatically restarted if it crashes. A counter 
keeps track of the number of times FE has been attempted on 

need arises. 
A second-order forensic query is one in which the results of 

a filter passing over a drive must be compared with the results 
of every filter passing over every other drive. An example of 
such a query might be: "Which are the two disk drives that 
have the highest number of credit card numbers in common?" 

40 This is a highly useful query if the analyst is attempting to 
map out a social network. 

Efficient second-order queries: An efficient second-order 
query can be computed by creating a hash table or dictionary 
where the key is the name of the feature and the values are the 

45 DriveIDs of the disks on which that feature was fonnd. The 
dictionary is created by scanning all of the feature files and 
updating the dictionary as each line of each feature file is read. 
Once the dictionary is created, its contents are sorted, using 
the length each value as the primary sort key. The dictionary 

50 entries with lengths that are over a predetermined threshold 
are said to be correlated by the cross-drive analysis (CDA) 
algorithm. The keys of this second dictionary are the features 
that are the cause of the correlation, and the values are the 
DriveIDs of the correlated drives. 

55 
6.2 Bulk Feature Extraction 

an image. If the counter reaches a predetermined number 
(which could be 4, for example), then no more FE processes 60 

are attempted on the image, and instead, a message is written 

Bulk Feature Extraction is the extraction of features from 
raw data blocks. Bulk Feature Extraction does not require an 
understanding of the file system and works across data 
blocks. One advantage of this approach is that it works with 
all file systems; one disadvantage is that it fails if critical 
information is split across two non-adjacent blocks of a frag
mented file. 

to a log file or database of pending alerts to be resolved by a 
human operator. In this circumstance, it is likely that the 
image is triggering a bug, and this requires analysis by anAlix 
programmer. A conventional trouble-ticket management sys- 65 

tem could be used for this purpose, or the implementer could 
simply create a database table for it. 

In one application of the Alix system, the following fea
tures are extracted: block hash, zblocks, credit card numbers, 
names and places, mail headers, and cookies. Each feature is 
discussed in turn. 
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Block Hash: Calculate a hash code for every block on the 
imaged disk. Each hash code is mapped to a HashID. Triplets 
of (DiskID, HashID, Count) are stored in a database table. 
Any file F can be decomposed into blocks Bl ... BM with 
resulting MD5s HI ... HN . Because many file systems block
align files, disk D contains file F if the database contains pairs 
(Hu D) ... (HM D). If it is not clear whether the last block of 
the file is zero-padded, then use only blocks Bl ... BN _1 . 

Database tables used: blockhashes and hashids. 
10 

Zblocks: The number of zblocks (NUL-filled blocks) in the 
image. This number can be computed from the Block hash 
table, but it is such a useful number that it is concomitantly 
useful to maintain the column redundantly. In fact, the 
zblocks field can be used as a check on the Block Hash. FIG. 15 

9 shows a code listing 420 illustrating an identity that can be 
used for this purpose. Database tables used: images. 

Credit Card Numbers: Scans bulk data for credit card num
bers and similar account numbers. The current credit card 
number detector scores the likelihood that a number is in fact 20 

a credit card number based on the following infonnation: the 
number must pass the Luhn Algorithm (also known as the 
CCV); the number must have either no spaces or dashes, or 
have spaces and/or dashes in a form that is customary for 
credit card numbers; the number must have a prefix that is 25 

commonly used by credit card issuers; and adjacent credit 
card numbers must not show periodicity that is characteristics 
of certain image files. A point is scored for every set of 
numbers that passes all of the tests above. A point is removed 
for every number that passes the Luhn algorithm but fails the 30 

other tests above. If a score of a block is greater than zero, the 
credit card number is incorporated into the database. In this 
illustrative example, large numbers of credit card numbers are 
useful for identifYing hot drives in a first-order analysis. The 
same credit card number being located on different drives is 35 

useful for identifYing social networks in a second-order 
analysis. Database tables used: images, fe_CreditCardNum
bers (see discussion below). 

Names and Places: Scans bulk data for recognized names 40 

and place names. Database tables used: images, fe_Name
sAndPlaces. 

Mail Headers: Scans bulk data for recognized RFC822 
mail headers. The entire mail header is stored in a database 
unparsed; a second agent parses the mail headers. Database 45 

tables used: images, fe_MaiIHeaders. 

Cookies: Scans bulk data for browser cookies in a variety 
of file formats, including Internet Explorer, Netscape, and 
Opera. Database tables used: images, fe_Cookies. 

50 
6.3 Forensic Feature Extraction and Cross-Drive Analysis 
(CDA) 

16 
from the present discussion that these tools may be modified 
to look for other types of information without departing from 
the scope of the invention. 

Several uses have been identified for CDA, including the 
following: 

1. Automatic identification of "hot" drives. Using statisti
cal techniques, it is possible to automatically identify drives 
in a large collection that are likely to be of interest, and thus 
should be given higher priority. 

2. Improving single drive forensic systems. Data collected 
during the course of CDA can be used to create smarter 
single-drive forensic tools. For example, CDA can be used to 
develop a "stop list" of infonnation that can be safely ignored 
by other forensic tools. 

3. Identification of social network membership. If several 
drives in a forensic repository are known to have been used by 
an organization under scrutiny, for example, a terrorist orga
nization, then CDA can be used to determine if a newly 
acquired piece of digital media was used by another organi
zation that had contact with the organization in question. 

4. Unsupervised social network discovery. Given a collec
tion of forensic images, CDA can be used to automatically 
identify organizations that were not previously known. 

Today's forensic investigators working on behalf of law 
enforcement rarely archive images from multiple investiga
tions on a single file server. It has been argued that it is 
important to work on one drive at a time to avoid the inad
vertent mixing of information between cases. However, such 
assertions arguably may be unduly limiting. A law enforce-
ment forensic lab presumably can both implement CDA and 
still meet the custodial standards imposed by the Federal 
Rules of Evidence, or other applicable law. CDA is poten
tially far less invasive than other kinds of investigations, in 
that a human investigator is only exposed to infonnation 
likely to yield important results. 

6.4 Forensic Feature Extraction 
CDA is based on the identification and extraction of 

pseudo-unique identifiers (discussed in greater detail below), 
such as credit card numbers and email Message-IDs, from 
digital media. Once extracted, these identifiers are called 
"features" and are used as the basis for both single-drive 
analysis and multi-drive correlation. This section discusses 
the principle and mathematical justification for feature 
extraction, and presents examples of feature extractors that 
have been created and that could be created in future. 

Pseudo-unique Identifiers: A pseudo-unique identifier is an 
identifier that has sufficient entropy such that within a given 
corpus it is highly unlikely that the identifier will be repeated 
by chance. Repetitions of pseudo-unique identifiers happen, 
but when they happen it is the result of a specific process, such 
as a file being copied from one computer to another. An email 
Message-ID is a typical pseudo-unique identifier. Consider 
Message-ID 
20060410204756.23E38908DE@spooky.sd.dream host-

Aspects of the invention discussed above are now dis
cussed in greater detail with respect to forensic feature extrac
tion and cross-drive analysis (CDA). The cross-drive analysis 
methods and systems described herein overcome the prob
lems of the prior art, in part by using feature extractors applied 

55 .com, which was created by the computer spooky.sd.dream
host.com for an email message that was sent on Apr. 10,2006. 

to bulk data and statistical techniques applied to a multi-drive 
corpus. 

The CDA technique was developed in conjunction with a 
forensic project, in which a large number of drives were 
purchased on the secondary market and examined for traces 
of confidential infonnation. The number of drives quickly 
exceeded the analytical capacity of the prior-art tools used for 
the project. Accordingly, there were developed a series of 
tools to look for credit card numbers, email addresses, and 
other kinds of confidential infonnation. It will be appreciated 

The use of a time stamp, a random number and a hostname 
makes it very unlikely that two computers will chose the same 
Message-ID by accident. This is in compliance with standard 

60 RFC 822, which requires the uniqueness of the message 
identifier to be guaranteed by the host which generates it. 

But Message-IDs are not unique; they are pseudo-unique. 
Most Message-IDs are created for a single email message and 
if the same Message-ID is found on two computers, there is a 

65 good chance that an email message, or at least the Message
ID, was copied from one machine to the second. After an 
email message is sent from one computer to another, both 
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computers potentially have copies of the Message-IDs on 
their hard drives. Those copies can be in actual files, in email 
message archives, in temporary files that have been deleted, 
or in virtual memory backing store. Multiple recipients may 
cause messages with the same Message-ID to travel very 
different paths and have different headers---even different 
Subject lines, if one of the recipients is a mailing list that 
modifies the Subject line. 

Thus, the existence of the same Message-ID on two differ
ent computers strongly suggests that there was some process 
which transferred the identifier from the first computer to the 
second. There might be alternative possible explanations for 
finding the same Message-ID on two different computers. For 
example, it is always possible that the same computer could 
create the same Message-ID for two different messages, 
although this would represent a failure of the computer's 
software or programming. Alternatively, two different com
puters could create two messages with the same Message-ID 
as the result of an accidental misconfiguration or an inten
tional spoofing attempt. 

It has been found that good pseudo-unique identifiers have 
a number of properties, including the following: 

1. They are long enough so that collisions are unlikely to 
occur by chance. 

2. They can be recognized using a regular expression and 
do not require parsing or semantic analysis. 

3. They do not change over a time. 
4. They can be correlated with a specific documents, people 

or organizations. 
Not all specific identifiers in a particular class of identifiers 

need to be pseudo-unique. For example, the Message-ID 
4231.629.xYzi-What@Other-Host is not pseudo-unique 
because it appears in the text of RFC822. As a result, any 
forensic tool that uses pseudo-unique identifiers needs to have 
a mechanism for distinguishing between identifiers that are 
truly pseudo-unique and those that are ubiquitous. 

Feature Extractors: A further aspect of the present inven
tion provides a variety of programs called feature extractors 
that can scan a disk image for pseudo-unique features and 
store the results in an intermediate file. Some of these feature 
extractors include the following: 

An email address extractor, which can recognize RFC822-
style email addresses. 

An email Message-ID extractor. 
An email Subject: extractor. 
A Date extractor, which can extract date and time stamps in 

a variety of formats. 
A cookie extractor, which can identify cookies from the 

Set-Cookie: header in web page cache files. 
A US social security number extractor, which identifies the 

patterns ###-##-#### and ######### when preceded with 
the letters SSN and an optional colon. 

A credit card number extractor. 

18 
has successfully used extracted features for drive image attri
bution and to build a tool that scans disks to report the likely 
existence of information that should have been destroyed. 
Such information can include, for example, information gov
erned by the provisions of the Federal Fair and Accurate 
Credit Transactions Act, or other laws. 

Drive Attribution: There are many circumstances in which 
an analyst might encounter a hard drive and wish to determine 
to whom that drive previously belonged. For example, the 

10 drive might have been purchased online, and the analyst 
might be attempting to return it to its previous owner. Alter
natively, the image might be one of several thousand obtained 
by spyware or another agent running on a target machine and 
the analyst might wish to determine if the subject belongs to 

15 a person or organization of interest. In either case, the analyst 
would like to have a tool so that a rapid ownership determi
nation can be made without the need to painstakingly look for 
documents on the disk and then attempt to determine their 

20 

pedigree and author. 
A powerful technique has been developed for making this 

determination, according to which there is created a histo
gram of the email addresses on the drive, as returned by the 
email address feature extractor. In many cases the most com
mon email address on the disk image is the address of the 

25 primary user of the computer from which the drive was 
extracted, provided that the primary user made use of email. 

The most common email address on the drive is usually the 
email address of the drive's primary user because that per
son's email address appears in both the from: and in the to: or 

30 cc: fields of many email messages that remain on the com
puter's disk drive. In general, there are roughly twice as many 
email addresses belonging to the primary user as any other 
user. The applicant's experience indicates that this is true both 
for users of email clients such as Outlook Express as well as 

35 for users of web mail systems such as Hotmail. 
FIG. 10 shows a histogram 440 of the top 15 email 

addresses found on Drive #51 in a sample corpus of hard 
drives to be analyzed, listing the frequency of each email 
address. Names in ALL CAPS have been used to anonymize 

40 names or domains that contain personally-identifiable infor
mation. The first name on the list, ALICE@DOMAINl.com, 
appears more than twice as much as any other name and likely 
represents the primary user of the machine. 

Additional information can be readily inferred from the 
45 histogram 440. For example, the large number of email mes

sages from 10bInfo@alumnigsb.stanford.edu strongly 
implies that ALICE was a graduate of Stanford University's 
Graduate School of Business. In many cases the email 
addresses that we found on the sample disk drives yield a 

50 single individual when they are typed into an Internet search 
engine such as Google. It is also noted that the drive numbers 
presented in the sample corpus are based on accessioned 
drives, not captured images. The sample corpus of 750 drive 

However, many specific features generated by these feature 
extractors do not meet the above-described requirements for 55 

pseudo-uniqueness. 

images comes from a larger collection of 1005 disk drives. 
The email histogram technique works surprisingly well 

even when the drive in question has not been used extensively 
for email. For example, FIG. 11 shows a histogram 460 of the 
top 15 email addresses, with the frequency of each email 
address, that were found on Drive #80, a disk that contained 

For example, while some "Subject:" lines are certainly 
pseudo-unique, others are ubiquitous. Likewise, there are 
specific email addresses that are in Microsoft Windows DLLs 
and in X.509 certificates. We have developed a mathematical 
technique that can be used to differentiate, for example, 
between "Subject:" lines that are common and those that are 
distinctive. This technique is described below. 

6.5 Single Drive Analysis 
Extracted features can be used to speed initial analysis and 

answer specific questions about a drive image. The applicant 

60 1247 credit card numbers. The second colunm indicates the 
number of times that the email address was found on Drive 
#80, while the third column is the number of drives in the 
750-image corpus on which each email address was seen. 

Although the most common email addresses are from digi-
65 tal certificates issued by Thawte and VeriSign, if these are 

suppressed using techniques that will be discussed in the next 
section, it is possible to identify a specific email address 
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ANGIE@ALPHA.com, which appears to have been the 
email address of the primary computer user. Manual analysis 
of the drive revealed that the companies ALPHA.com, 
BETA.com, GAMMA.com, DELTA.com, UNIFORM. com 
and SNARF.com all make the same kind of software-and 
that XYZZY.COM is a personal website for an individual 
who uses this software and displays it on his website. It 
appears that Drive #80 was used to process credit cards for 
software that was sold by this company. This is an intelligence 
datum which could have been discovered through a lengthy 10 

manual examination of the drive, but which was made readily 
apparent through the email histogram. 

6.6 First-Order CDA 

20 
requires United States corporations disposing of electronic 
media to purge the media of "consumer information." The 
United States Federal Trade Commission's Final Rule imple
menting the rule defines consumer information as "including, 
but not limited to, a social security number, driver's license 
number, phone number, physical address, and e-mail 
address." 

Based on the above-described feature extractors that can 
recognize social security numbers, e-mail addresses and 
other "consumer information," we can automatically identify 
violations of the FACT-ACT. Work can be automatically pri-
oritized by querying the database for the drives with the 
largest number of features that correspond to "consumer 
information." 

The social security number extractor was able to find iden
tified social security numbers in 48 of the 750 disk images. Of 
these, 9 disk images contained SSNs that appeared to he test 
data (e.g. 555-55-5555 and 666-66-6666). Eliminating these 
test SSNs left 39 disks that had SSNs representing potential 

As discussed above, cross-drive analysis (CDA) is a tech- 15 

nique for conducting a forensic analysis of a data set that 
spans multiple drives. The fundamental theory of CD A is that 
data gleaned from multiple drives can improve the forensic 
analysis of a drive in question both in the case when the 
multiple drives are related to the drive in question and in the 
case when they are not. The architecture for CDA uses 
extracted features, described above, both to make CDA more 
efficient, and to focus the analysis on features that are relevant 

20 privacy violations. One of these, Drive #959, had 260 unique 
SSNs and appeared to contain consumer credit applications. 

FIG. 13 shows a table 500 listing the disk images contain
ing the largest number of extracted SSNs after obvious test 
data has been suppressed. The table heading "Unique SSNs" to today's forensic examinations. Two forms of CDA are 

described herein: first-order CDA, in which the results of a 
feature extractor are compared across multiple drives, an O(n) 
operation; and second-order CDA, where the results are cor
related, an O(n2 )operation. 

CDA Stop Lists: A simple and straightforward application 

25 refers to the number of individual SSNs that were found, 
while the table heading "Total SSNs" refers to the total num
ber ofSSNs that were present, including duplicates. An orga
nization charged with policing for violations of the FACT-
ACT could use this list to prioritize its work. 

As a second example of this "hot drive" technique, there 
were computed histograms of the extracted email addresses 
for the entire sample corpus of750 images. There were found 
13 drives (339, 340, 342, 343, 345, 356, 348-351, 354, 356 
and 357), each approximately 1 gigabyte in size, that all had 

of CDA is to create stop lists of features that can be safely 30 

ignored in most forensic investigations because the features 
are ubiquitous. For example, the first six email addresses in 
the FIG. 11 histogram 460 are widespread on disk images 
today because they are present in X.509 root certificates that 
are distributed with many popular web browsers. Because 
these addresses are so widespread, they can be automatically 
suppressed from any list of email addresses that are displayed 

35 between 710,000 and 765,000 unique email addresses and 
between 2.4 million and 2.7 million email addresses in total. 

by forensic tools or used in further analysis. FIG. 12 shows a 
histogram 480 listing the 15 email addresses that are on the 
largest number of drives in the 750-image sample corpus. 40 

These email addresses, and many others, can be automati
cally suppressed by forensic tools because they are part of the 
operating system and, therefore, not likely to be related to a 
case under investigation. For example, the email address 
mazrob@panix.com is present in the Windows system file 45 

clickerx.wav and appears to be the email address of the 
authors of the "Close Program" sound for the Windows 95 
Utopia Sound Scheme. 

To be sure, there may be times that even ubiquitous infor
mation may be useful for an analytic process. For example, if 50 

a subject being sought is known to have used a specific ver
sion of Mozilla Firefox, then it would not make sense to 
suppress email addresses from certificates that were part of 
the Firefox distribution. To the contrary, such features could 
be used as a positive selection criteria in an attempt to narrow 55 

down drives that might have belong to the subject. Such a 
search represents a very specific application which can easily 

These drives, referred to as "Lot SP," were obtained as the 
result of a single purchase brokered through an online source. 
Overall, the 750 drive images in the sample corpus repre
sented approximately 75 lots. 

The drives in Lot SP appear to have come from an organi
zation that was involved in sending bulk email. For example, 
many of the email addresses on these drives appear in alpha
betical order, sorted by domain name to allow for efficient use 
of SMTP counections, many clearly do not belong to indi
viduals (e.g. test.agentl@somedomain followed by 
test.again@somedomain) and many appear to have been 
scraped from web pages. 

Not only does the sale of these drives from such an online 
source possibly represent a violation of the FACT-ACT, data 
on the drives may also indicate that additional laws restricting 
the sending of bulk email have been violated. Although the 
goal of the investigation was not to find individuals or orga
nizations engaged in such practices, these hot drives were 
readily apparent. 

6.7 Second-Order CDA 
The preceding section explored a variety of first-order 

cross drive analysis techniques. This section explores second-
be handled by simply turning off the stop list. This application 
shows why the stop list should be used to suppress output, 
rather than for suppressing collection. 

Hot Drive Identification: If the features extracted from the 
disk images are generically of interest to the investigator, then 
the investigator's work can be easily prioritized by concen
trating on the drives that have the largest number of these 
features. The term "hot drive identification" is used herein to 
describe this kind of prioritization. For example, the Fair and 
Accurate Credit Transactions Act of 2003 (FACT-ACT) 

60 order techniques that are based on cross-correlations of the 
data on multiple drives. Put another way, in the preceding 
section, techniques were explored for automatically selecting 
drives that had the largest number of email addresses and 
other features. In this section we explore a different question: 

65 which are the drives in the corpus that have the largest number 
of features in common? This question can be answered using 
multi-drive correlation of discrete features. 
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To this end, a further aspect of the invention provides a 
Multi-Drive Correlator (MDC) , a program that reads multiple 
feature files and produces a report containing, for each fea
ture, a list containing the number of drives on which that 
feature was seen, the total number of times that feature was 
seen on all drives, and a list of the drives on which that feature 
occurs. Mathematically, the MDC is a function whose input is 
a set of drive images in a feature to be correlated, and whose 
output is a list of (feature, drive-list) tuples. 10 

22 

D 

DC(f) = ~ FP(f, dnl = # of drives with feature f 
n=O 

Features that are present in high concentrates on drives d1 

and/or d2 may have increased weight. For example, increas
ing the weight of these features increases the score between a 
computer user who had exchanged a large volume of email 
with a known terrorist, or other person of interest, when 

15 compared with an individual who has only exchanged one or 
two emails with the terrorist: 

Email Address Multi-Drive Correlation: Applying the 
MDC to the email feature files, it was learned that the corpus 
contained 6,653,396 unique email addresses. Because so 
many email addresses were found on the 13 drives of "Lot 
SP," these drives were suppressed and a second MDC was 
calculated. Without Lot SP, there were only 331,186 unique 
email addresses in the corpus. FIG. 14 shows a histogram 
analysis 520 of both correlations. Specifically, the FIG. 14 
histogram 520 shows the total number of email addresses 20 

found on a single drive, on a pair of drives, and so on. The 
middle colunm shows the number of email addresses found 

FC(f, dl = count of feature f on drive d 

on all drives in the corpus, while the right colunm shows the 
number of email addresses found on all of the drives in the 
corpus with the exception of those drives that were in "Lot 25 The three described weighting functions are undergoing 
SP" continued study and evaluation. Initial findings are discussed 

below. 
A Scored SSN Correlation: An MDC was perfonned using 

extracted social security numbers. After removing spaces and 
dashes from the recognized SSNs, it was found that only 5 
SSNs were present on more than one drive. FIG. 15 shows a 
table 540 setting forth the results of the multi-drive correla
tion of SSNs. Unlike the FIG. 13 table 500, test data has not 
been suppressed. The numbers SSN1 and SSN2 have been 

The first line of the FIG. 14 table 520 shows how many 
unique email addresses were found on a single drive, the 
second line shows how many unique email addresses were 30 

found on just two drives, and so on. This table implies that the 
number of email addresses in common between drive images 
seems to follow a power-law distribution. Such distributions 
have been found to be common when perfonning MDC 
analyses. 35 anonymized because they represent actual SSN s belonging to 

individuals. Scoring the Correlation: Once the correlation list is pro
duced, it is desirable to produce a report of the drives that are 
most highly correlated. The applicant has experimented with 
three weighting functions for scoring the correlation between 
each pair of drives. 

Let: 

D = # of drives 

F = # of extracted features 

do ... dD = Dri yes in corpus 

fa ... fF = Extracted features 

{
a fn not present on dn 

FP(fn, dnl = 
1 fn present on dn 

Although a total of 571 SSNs were found in the 750-drive 
corpus, only 5 SSNs were found on more than one drive. Of 
these, 3 were test SSN sand 2 appear to be valid SSN s which 

40 we shall call SSN1 and SSN2 for the purpose of this docu-
ment: 

SSN1 was found on three drives: Drive #342, #343 and 
#356. In each case the SSNs appeared in unstructured text. 
Before the SSN was a date of birth of Apr. 27, 19XX.Afterthe 

45 SSN was the notation "Thanks, Laurie." All of these drives 
were purchased as part of Lot 34 and all appear to have come 
from the same organization. 

SSN2 was found on two drives: Drive #350 and #355. In 
both images the SSN is preceded with the string "great grand-

50 children" and followed by the string "I used to." Because the 
SSN appears at different locations in the two disk images, it is 
believed that the information was copied from one drive to the 
second in the course of nonnal computer operations. Both 
drives are SCSI Seagate ST19171 W drives with a SUN9.0G 

A simple scoring function is to add up the number of 
features that two drives have in common: 55 

finnware and of exactly the same size. 
FIG. 16 shows a table 540 setting forth the results of the 

three scoring functions presented above, applied to some of 
the drive pairs in FIG. 15, sorted by S3 scores. As shown in 
FIG. 16, function S3 gave drive pair (612, 690) the highest 

F 

Sj(d j , d2 l = ~ FP(fn, dtlxFP(fn, d2 l 
n=O 

A more sophisticated weighting function discounts fea
tures by the number of drives on which they appear, which 
makes correlations resulting from pseudo-unique features 
more important than correlations based on ubiquitous fea
tures: 

60 weight. This makes sense, since these two drives together had 
8 copies of the SSN "555555555." The fact that this is a test 
social security number and not a real one is ironic but ulti
mately irrelevant. S3'S real limitation is that it does not cor
relate the three drives with SSN 1 as strongly as the 9 drives 

65 with the SSN "666666666." 
Interestingly, due to a clerical error at the time of imaging, 

the data for drive #355 was originally labeled as coming from 
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drive #357, which is from a different lot. After the correlation 
match was noted, the metadata associated with the drives and 
the actual drives was examined to verifY the cross-lot corre
lation, and the error was discovered. It was possible to deter
mine the ground truth of drive #355 because the drive was 
physically labeled with both its lot number and drive number, 
and because our disk imaging program records both the bytes 
read from the drive and the drive's serial number in a single 
file. 

This example shows both the importance of recording data 
with metadata, and the power of the cross-drive correlation 
technique for identifYing drives from the same organization. 
It also shows how CDA can be used for social network analy
sis. In this case, the social networks that were discovered were 
the social network that contained drives (342, 343, 356) and 
the social network that contained drives (350, 357). 

A Credit Card Number MDC: A total of 5,796,217 strings 
of 14-, 15- and 16-digit numbers in the 750-drive corpus 
passed the first credit card number (CCN) test, while only 
159,419 passed all four tests: 

1. The string is a sequence of 14-16 digits with either no 
spaces or broken up by spaces or dashes in the manner 
that credit card numbers are typically displayed. 

2. No single digit is repeated more than 7 times, and no 
parts of digits are repeated more than 5 times. 

3. The first 4 digits belongs to financial institution that is 
known to issue credit cards, and the length of the string 
without spaces is consistent with the particular financial 
organization. 

4. The sequence of digits follows the credit card number 
validation algorithm. 

The multi-drive correlator was applied to both collections 
and then the drive-pair weights for each correlation result was 
computed. Previously, three pairs of drives in first set of 250 
disk images were identified as being highly correlated. One 
pair (171,172) was correlated because of actual credit card 
numbers, while two other pairs, (74,77) and (179, 206), had 
been correlated the basis of string sequences that passed the 
CCN-identifier test, but which actually were not. Each of 
these pairs was apparently correlated because both halves of 
the pair contained the same fragments of a file that had the 
false-positives. 

Because of the large number of drives with CCN s in the 
data set, the remainder of this section looks at just a few pairs 
that were considered. FIG. 17 shows a table 580 noting the 
maximum score for all drive pairs using both corpora as well 
as the score of several notable drive pairs, discussed below. 
Specifically, FIG. 17 shows the results of the scored multi
drive correlation applied to the corpus of CCN s that passed 
the first test, and those that pass all of the tests. 

Drives #74 and #77: These two drives were part of a lot 
purchased from a single reseller in the Pacific Northwest. 
Manual inspection of the information on the drives had pre
viously revealed that four of them had come from the same 
commnnity college. The cross-correlation fonnd 25 unique 
15 and 16 digit numeric strings that were recognized as CCN s 
by the CCN feature extractor that were common to these 
drives and only to these drives, but visual inspection revealed 
that they were not actually CCNs, but instead false-positives 
of the CCN detector. 

Drives #171 and #172: The first-order analysis of our cor
pus identified drive #172 as being of interest because of the 
large number of CCN s that it contained-31 ,348 CCN s, of 
which 11,609 (37%) were nnique. This drive was later manu
ally identified as being an Oracle database drive that had been 
used to hold patient billing records by a medical center in 
Florida. The cross-drive analysis revealed that this drive had 

24 
13 unique CCNs in common with Drive #171. Unlike the 
previous example, these identifiers appear to be actual CCNs. 
Subsequent analysis of Drive #171 revealed that this drive 
contained 346 CCNs, of which 81 (23%) were unique. Also 
found on Drive #171 was C source code. It appears likely that 
this drive was used by the medical center's programmers for 
their development system, and that the progrannners tested 
their system with actual patient data. 

Drives #339 through #356: These drives were all purchased 
10 from a dealer in New York, N.Y. Manual inspection reveals 

that many of these drives were used by a travel agency; many 
contained names, credit card numbers, ticket numbers, itin
eraries, and email messages to clients. A cluster analysis, 
which will be described in a future paper, shows that all of 

15 these drives are highly correlated using many different 
weights. A representative drive pair is reported in FIG. 17. 

Drives #716 and #718: These two drives were both part of 
Lot 70, a collection of 4 drives from a dealer in Union City, 
Calif. We have not done further analysis to understand why 

20 these drives are correlated. 
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Drives #814 and #820: These two drives were part of Lot 
78, a collection of 15 drives purchased from a dealer in 
Stamford, Conn. As with the previous drives, it has not yet 
been determined why these drives are correlated. 

6.8 Implementation Examples 
The applicant has designed an end-to-end architecture for 

cross-drive analysis that accessions and images data from 
disk drives and other digital storage media obtained on the 

30 secondary market, stores intermediate results in feature files 
and a database, builds intermediate cross-correlation tables, 
and supports an interactive multi-user interface for database 
exploration. 

FIG. 18 is a flowchart 600, illustrating data flows through 
35 the system. In step 601, disks collected on the secondary 

market are imaged onto into a single Advanced Forensic 
Format (AFF) file. AFF is a file format for disk images that 
contains all of the data accession information, such as the 
drive's manufacturer and serial number, as well as the disk 

40 contents. AFF also has the ability to distinguish sectors that 
cannot be read from sectors that are properly cleared. As an 
added benefit, AFF stores the disk image as a series of com
pressed segments, dramatically minimizing the amount of 
server space consumed by the image while still allowing the 

45 data within the image to be randomly accessed. In step 602, 
the afXml program is used to extract drive metadata from the 
AFF file and build an entry in the SQL database. In step 603, 
strings are extracted with an AFF -aware program in three 
passes, one for 8-bit characters, one for 16-bit characters in 

50 least significant bit (LSB) format, and one for 16-bit charac
ters in most significant bit (MSB) format. In step 604, feature 
extractors run over the string files and write their results to 
feature files. In step 605, extracted features from newly-in
gested drives are run against a watch list; hits are reported to 

55 the human operator. In step 606, the feature files are read by 
indexers, which build indexes in the SQL server of the iden
tified features. In step 607, a multi-drive correlation is run to 
see if the newly accessioned drive contained features in com
mon with any drives that are on a drive watch list. In step 608, 

60 a user interface allows multiple analysts to simultaneously 
interact with the database, to schedule new correlations to be 
run in a batch mode, or to view individual sectors or recovered 
files from the drive images that are stored on the file server. 

Extractor Implementation: The described feature extrac-
65 tors may be implemented using regular expressions compiled 

with Flex. Additional rules are implemented in C++. 
Although it is possible to run the scanners directly on raw 
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("dd") disk images, it has been found that an improved tech
nique is to first preprocess the disk images with the "strings" 
program that is part of the Free Software Foundation's 
binutils distribution. Three passes are made with strings, 
extracting 8-bit-byte, 16-bit bigendian, and 16-bit littleendian 
codings. The scanners are then run on the resulting files. In 
this manner, the amount of data that the feature extractors 
need to examine is reduced, while the amount of features that 
can be extracted is actually increased, since an extractor writ
ten to recognize 8-bit features can now find 8-bit features that 10 

are coded in 16-bit character sets. The result, of each extractor 
are saved in a feature file. 

Each line of the file consists of the feature that was 

26 
herein may be embodied in a system that performs correla
tions based on cryptographic hashes of individual sectors in 
the disk images. 

An interesting property of most modem file systems is that 
files larger than 4K are invariably stored with their first bytes 
block aligned. Thus, any search for the MD5s of the file's 
"sectors" will appear on the hard drive, even if the file system 
format is not understood. It should be possible to use as 
features the hashes of all of the sectors of a disk drive. 

Finally, tools can be further developed that render this 
technique even more useful to forensic workers and intelli
gence analysts. While automated tools might be preferred, it 
is likely simpler to initially create interactive tools that lever
age pre-computed feature indexes. 

7. Additional Implementation Examples: The Analyst Work
station/Analysis Engine 

According to one aspect of the invention, the Analyst 
Workstation is implemented as a three-tier Web-based appli-

detected, the context in the file before and after the feature, 
and the offset of the feature in the disk image. Both the 15 

context and the position information can be used by other 
tools-for example, by an interactive tool that allows an 
analyst to view the region in the file system where the feature 
was detected. FIG. 19 shows an example of a feature file 620 
according to this aspect of the invention. 20 cation, which is shown within the block diagram of FIG. 3, 

discussed above. As shown therein, the first tier consists of the 
Web browser and associated Java or JavaScript that runs on a 
standard PC, like those used for the Analyst Workstations 
1008. The second tier is the front-end Web server and busi-

Correlator Implementation: The initial MDC was written 
in the Python programming language. Although Python is a 
useful language for prototyping, it can be relatively slow and 
memory-intensive for this work. Performing the MDC of the 
email addresses resulted in a Python process that slowly 25 

expanded to consume more than 3.5 GB of memory and did 
not complete its task after 24 hours of computation due to 
excessive paging. Rewriting the MDC in a mixture of C and 
c++ resulted in a fast correlator that consumed less than 600 
MB of memory; correlations of the 7 50-drive corpus typically 30 

take between 10 minutes and 2 hours on a 1.8 GHz AMD64. 
The MDC uses a hash table based on Goldfoot's "Simple 
Hash" implementation. 

In exchange for speed, this implementation does not 
include features such as data generalization or automatic 35 

re-hashing. Hash tables must be declared to be a particular 
size when they are first created. 

6.9 Further Implementations 

ness logic that runs on the Analysis Engine 1004. The third 
tier is the MySQL database, such as may be provided by the 
Site Databank 1006. Many variations of this are of course 
possible and within the spirit and scope of the invention. 

7.1 The Analyst Workstation 
In one embodiment, the Workstation provides the follow

ing functions: 
Display and search of the drive database: This involves 

Web-based search and retrieval. 
Scheduling a time-consuming job: For example, search all 

of the drives for a particular search string; show all the drives 
that went to a particular website; or find all of the drives that 
result from a particular social-network search. 

Review the results of a scheduled job. 
Export a drive image in ISO/IMG format to the Analyst 

Workstation: Options for export include downloading the 
image over HTTP and running Samba with a read-only mount 
point. Samba is an open source suite of applications (for 
example, Unix applications), available from http://sam-

It will be appreciated from the present description that 40 

CDA provides a useful technique for improving the automa
tion of forensic tools and for intelligence analysis. It will 
further be appreciated that refinements and modifications 
may be made to the described systems and techniques without 
departing from the scope of the invention. 45 ba.org, and capable of using Server Message Block (SMB) 

protocol. 5MB is used by many operating systems, including 
Windows, to perform client/server networking. Accordingly, 
by supporting this protocol, Samba allows Unix servers to 
communicate using the same networking protocol as 

Such refinements and modifications may include the fol
lowing: 

First, increasing understanding of the multi-drive correla
tion, and in particular techniques that can be used to more 
accurately score the relationship between drive pairs and to 
cluster drives. 

Second, improving facility at working with the large 
datasets required to do cross drive analysis. There are likely 
many opportunities to improve performance, including the 
use of machines with larger main memories; developing algo
rithms designed to run on clusters; and the use of more effi
cient algorithms. 

50 Microsoft Windows. Thus, for example, a Samba-enabled 
Unix machine can emulate a server on an otherwise Win
dows- (or other-) based network and offer sharing of file 
systems, and other functions. For example, images could be 
transferred by Samba, HTTP or the like from a Unix server to 

55 a workstation running Windows, Linux or other operating 
system. Using Samba in accordance with its known uses, and 
following the techniques described herein in connection with 
the present invention, the implementer can design a system 
that would allow for the disk images to be present in a remote Third, the use of expanded feature extractors. For example, 

the cookie extractor may be extended to extract cookies from 
cookie jars. Additional specificity may he achieved by pre
processing the disk images using a forensic tool such as The 
Sleuth Kit to extract all data files from the disk image and then 
using format-specific feature extractors. Also, language
aware systems such as the Rosette Linguistics Platform, 65 

available from Basis Technology Corp., of Cambridge, 
Mass., may be utilized. In addition, the techniques described 

60 file system that is served by a Samba client. 

7.2 Analysis Engine 
According to an aspect of the invention, the analysis engine 

comprises a number of components, each using known oper
ating system, server, database, or programming language 
constructs, including the following: FreeBSD (operating sys
tem); Apache 2 (Web server functionality); MySQL, Postgr-
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eSQL, or Teradata (database functionality); and C, C++, or 
Python (application progrannning language). 

Configuration Information: All configuration information 
should be kept in the database, and configuration files should 
be parsed and a backup system provided, particularly since in 5 

the typical case, backup functionality should already be pro
vided to backup the database. 

Database: The implementer can select a database based on 
performance and other criteria. While the development work 
was done using MySQL, other databases, such as Teradata, 10 

may also be used. 

28 
site-specific integers. There is little reason to key or consider 
the hashaig in searches, since the chances of a hash collision 
between algorithms is insignificant if the hash values have the 
same length, and zero if the hash algorithms produce hashes 
of different lengths. 

The following Hash algorithms are defined: 

Hash Algorithm 

'5' 
T 
'2' 
'3' 

HashAlg Code 

MDS 
SHA-l 
SHA-256 
SHA-512 

Development Language(s): The implementer can choose a 
development language based on performance and other cri
teria, and it will typically be a high-level, type-safe language 
such as Python. Where performance is an issue, methods 15 

coded in such languages can be easily re-coded into higher
performance languages such as C or C++. The contents ID is used to code the fact that two hash values 

actually refer to the same contents. FIG. 24 shows the gener
ated hashids table 720. As shown in FIG. 24, the HashIDs 

20 table 720 is preloaded with these two rows which code the two 
hash values for the zblock. 

7.3 Work Queues 
Work queues, configured in accordance with kuown soft

ware techniques, can be used to maintain a list of work that 
has been scheduled by an analyst workstation. For example, 
each job can be maintained in a database table. A process in 
the Analysis Engine performs the requested command and 
posts the result into the same table. The Analyst Workstation 
can display for each analyst the status of the jobs that have 
been specified. 

8. Database Schema 
The examples of database schema described below are 

defined using MySQL version 4's CREATE TABLE syntax. 
The main MySQL-specific types that have been used are the 
auto-increment type. The described tables include: 

8.1. Tables updated primarily during Accession and 
Importing (CodePageIDs, drives, images); 

8.2. Tables updated during Bulk Feature Extraction (hash
ids, blockhashes, fe_CreditCardNumbers, fe_NamesAnd
Places); 

8.3. Tables updated during File Feature Extraction 
(dimamesids, filenameids, fileextensions, DirectoryEntries; 
and 

8.4. Tables designed to support the Analyst Workstation 
(workQueues) 

Each group of tables is described below in further detail. It 

FIG. 25 shows a code listing 740 for creating the block
hashes table. The blockhashes table tracks which hashes have 
been observed on which drives. Each hashid corresponds to a 

25 hash of a single 512-byte block. This is likely to be the largest 
table in the Site Databank. 

FIG. 26 shows a code listing 760 for creating the fe_Cred
itCardNumbers table. 

30 FIG. 27 shows a code listing 780 for creating the fe_Name-
sAndPlaces table. This table tracks names and places that 
were found in the raw data. 

8.3. Tables Updated During File Feature Extraction 
FIG. 28 shows a code listing 800 for creating the 

35 dimameids table. The dimameids table provides an identifier 
for directory names. For example, the following directory 
names:. 

\program files\ 

40 \program files\Microsoft Office\ 

is noted that the code listings are exemplary, and may be 
modified without departing from the scope of the invention. 45 

would be two likely dimameids at a site. Because both Win
dows and MacOS HFS ignore but preserve case, forensic 
analysis requires that different case representations be given 
different dimameids. 

FIG. 29 shows a code listing 820 for creating the filena
meids table 820. The filenameids table provides an identifier 
for file names. For example, command.com and WORD.EXE 
might be two likely entries. As with dimameids, because both 

8.1. Tables Updated Primarily During Accession and Import
ing 

FIG. 20 shows a code listing 640 for creating the CodeP
ageIDs table. 

FIG. 21 shows a code listing 660 for creating the drives 
table. 

50 Windows and MacOS HFS ignore but preserve case, forensic 
analysis requires that different case representations be given 
different filenameids. 

FIG. 22 shows a code listing 680 for creating the images 
table. The images table holds information for every image 
that has been imported. Note that some of the columns are set 55 

during time of import, while other colUfllls are set during 
Feature Extraction. It should be noted that the "images" table 
includes "Hash" and "HashAlg" colunms, rather than a 
"HashID" colUflll, because the central purpose of these 
hashes is to assure the integrity of an image file after it has 60 

been copied. As such, they are designed to be site indepen
dent. The hashes are of the uncompressed ISO image without 
the metadata, and can be used to verify a compression/de
compression algorithm. 

FIG. 30 shows a code listing 840 for creating the fileexten
sions table. The fileextensions table provides an ID for file 
extensions such as .doc and .ppt. The goal here is to make it 
possible to rapidly execute queries such as "show me all of the 
Microsoft Word files from the target city." 

FIG. 31 shows a code listing 860 for creating the Directo
ryEntries table. The DirectoryEntries table is a master list of 
all pathnames found on all drives at the site. It includes 
complete pathnames associated with allocated files, complete 
pathnames associated with deleted files, and rootless path
names provide a list of all files found on all drives. 

8.2. Tables Updated During Bulk Feature Extraction 
FIG. 23 shows a code listing 700 for creating the hashids 

table. The hashids table maps sparse hash codes to compact 

65 8.4. Tables Designed to Support the Analyst Workstation 

FIG. 32 shows a code listing 880 for creating the work
Queues. 
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9. Examples of Data Fonnats 
We next describe examples of data formats that can be used 

with the systems and techniques described herein. These data 
formats include: image file formats; bad block format; and 
others. 

9.1 Image File Fonnats 
img: The simplest image file fonnat is a raw dump of the 

disk contents. These are called ISOs by people who burn 
CDROMs, but in this document we term them imgs, partly to 
avoid confusion with CDROM images, and partly to avoid the 
launching of undesired application programs if the operator 
double-clicks on them. 

img.gz: An img file compressed with gzip. 

9.2 Bad Block Fonnat 
As noted above, in one embodiment of the invention, bad 

blocks are stored in the image file with the string "BAD 
BLOCK\OOO" follows by 502 bytes of randomly-selected 
data. This bad sector is created at the beginning of the imaging 
operation. FIG. 33 shows a pseudocode listing 900, illustrat
ing a technique for creating a 512-byte bad block, sector. 

The illustrated technique 900 codes a bit of extra infonna
tion in a convenient human-readable fonn, while meeting the 
requirements described at the beginning of this section. 

9.3 Alix IMG Format (AIMG) 
Implementations of some embodiments of the invention 

used a file fonnat known as theAlix IMG (AIMG) file fonnat 
(now referred to asAFF), which was designed to accomplish 
the following goals: extensibility; built-in compression; abil
ity to rapidly seek to any byte in the image file; provision to 
archive metadata; provision to archive arbitrary name/value 
pairs; byte-order independent. 

One implementation that can be used would utilize DBM 
or Berkeley DB-formatted files for this purpose. AIMG is a 
single DBM file; FIG. 34 shows a table 940 of key definitions 
according to this aspect of the invention. Of course, the inven
tion can also be practiced without the use of AIMG or AFF. 

C. Further Examples of Methods According to the 
Invention 

FIGS. 35-39 are a series of flowcharts, illustrating a num
ber of general methods according to further aspects of the 
present invention. As will be apparent from the following 
description, each of the methods may be practiced using the 
Alix system, described above. However, it would also be 
possible to practice some or all of these methods using other 
types of systems, without departing from the scope of the 
invention, as claimed. 

FIG. 35 is a flowchart of a computer-based method 1000 
for detennining the identity of a principal user of a digital 
information storage medium accessible for forensic analysis. 
The method 1000 includes the following steps: 

30 
extract occurrences, from within the representation of the 
digital infonnation, of email addresses, thereby to generate an 
email address feature extractor output. 

Step 1004: Generating, based on the email address feature 
extractor output, a histogram of occurrences of email 
addresses within the digital infonnation. 

Step 1005: From the histogram, identifYing an email 
address that occurs significantly more frequently than other 
email addresses therein, thereby to determine the email 

10 address of a principal user of the digital information storage 
medium. 

FIG. 36 is a flowchart of a computer-based method 1020 
for determining whether a second digital information storage 
medium accessible for forensic analysis relates to a social 

15 network with which a first digital information storage 
medium has previously been identified, the method compris
ing. The method 1020 includes the following steps: 

Step 1021: Accessing first and second respective digital 
images generated from digital infonnation retrieved from or 

20 present on the first and second digital infonnation storage 
media, respectively, the first and second digital images com
prising first and second representations, respectively, of digi
tal information from the first and second digital infonnation 

25 

storage media. 
Step 1022: Executing, on the first and second representa-

tions, a feature extractor function to extract occurrences, from 
within the representations of digital information from the first 
and second digital infonnation storage media, respectively, of 
a selected feature, thereby to generate a feature extractor 

30 output. 
Step 1023: Detecting, based on the feature extractor out

put, pseudo-unique information (or disk sectors containing 
pseudo-unique infonnation, i.e., pseudo-unique sectors) 
from the first and second digital information storage media, 

35 respectively; 
Step 1024: Detecting a degree of commonality between 

pseudo-unique infonnation from the first and second digital 
information storage media, respectively. 

Step 1025: If a sufficient commonality of pseudo-unique 
40 information is detected, designating the second digital infor

mation storage medium as relating to the social network with 
which the first digital infonnation storage medium has previ-
0usly been identified. 

FIG. 37 is a flowchart of a computer-based method 1040 
45 for discovering social networks with which ones of a plurality 

of digital infonnation storage media accessible for forensic 
analysis may be identified. The method 1040 comprises the 
following steps: 

Step 1041: Accessing respective digital images generated 
50 from digital information retrieved from or present on the 

plurality of digital information storage media, respectively, 
the respective digital images comprising respective represen
tations of digital information from corresponding ones of the 
plurality of digital infonnation storage media. 

Step 1001: Accessing a digital image generated from digi- 55 

tal information retrieved from or present on the digital infor
mation storage medium, the digital image comprising a rep
resentation of the digital infonnation. 

Step 1042: Executing, on the representations, a feature 
extractor function to extract occurrences, from within the 
representations of digital information from respective ones of 
the digital information storage media, of a selected feature, 
thereby to generate a feature extractor output. Step 1002: Executing, on the representation of the digital 

information, a feature extractor function to extract occur- 60 

rences, from within the digital infonnation, of a selected 
feature, thereby to generate a feature extractor output. 

The method further includes the step of executing a statis
tical analysis of the digital infonnation, the analysis compris
ing: 

Step 1003: Executing, on the representation of the digital 
information, an email address feature extractor function to 

65 

Step 1043: Detecting, based on the feature extractor out
put, pseudo-unique information (or disk sectors containing 
pseudo-unique infonnation, i.e., pseudo-unique sectors) 
from respective ones of the plurality of digital infonnation 
storage media. 

Step 1044: Detecting a degree of commonality between 
pseudo-unique infonnation from respective ones of the plu
rality of digital information storage media 
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Step 1045: If at least a selected degree of commonality of 
pseudo-unique infonnation is detected, designating respec
tive ones of the plurality of digital information storage media 
for which such commonality has been detected as relating to 
a potential social network, thereby to identifY a potential 
social network. 

FIG. 38 is a flowchart of a computer-based method 1060 
for analyzing digital information present on or retrieved from 
a plurality of digital infonnation storage media. The method 
comprises the following steps: 10 

Step 1061: Generating digital images representative of 
digital information from respective ones of the plurality of 
digital information storage media. 

Step 1062: Applying a feature extractor function to extract 
features from the digital images or string files generated from 15 

the digital images, the feature extractor function comprising 
scanning for selected pseudo-unique identifiers to identify 
features for extraction, and storing extracted features for sub
sequent access or further analysis, whereby the feature 
extraction function extracts features from across at least a 20 

subset of the plurality of digital infonnation storage media 
Step 1063: Applying a first order cross-media analysis, 

wherein the results of applying a feature extractor function 
are compared across multiple ones of the plurality of digital 
information storage media, to identify digital infonnation 25 

storage media among the plurality of digital information stor
age media having a selected or maximal value or number of 
occurrences of a selected feature. 

Step 1064: Applying a second order cross media analysis to 
generate correlations between ones of the plurality of digital 30 

information storage media, wherein the correlations are gen
erated based on analysis of extracted features, to enable cor
relation of selected features across the plurality of digital 
information storage media and detection of a selected degree 
of commonality of features extracted from given digital infor- 35 

mati on storage media within the plurality of digital infonna
tion storage media; and whereby the method is operable to 
enable an operator to analyze and correlate information from 
across multiple ones of the plurality of digital infonnation 
storage media. 40 

FIG. 39 is a flowchart of a computer-based method 1080 
for analyzing digital information present on or retrieved from 
a plurality of digital infonnation storage media. The method 
1080 comprises the following steps: 

Step 1081: Generating digital images representative of 45 

digital information from respective ones of the plurality of 
digital information storage media. 

Step 1082: Generating from the images an image file. 
Step 1083: Extracting strings from the image file. 
Step 1084: Applying a feature extractor function to extract 50 

features from the strings extracted from the digital images, 
the feature extractor function comprising scanning for 
selected pseudo-unique identifiers to identifY features for 
extraction, wherein the feature extraction function extracts 
features from across at least a subset of the plurality of digital 55 

information storage media and writes the results to one or 
more feature files. 

Step 1085: Applying a first order cross-media analysis, 
wherein the results of applying a feature extractor function 
are compared across multiple ones of the plurality of digital 60 

information storage media, to identify digital infonnation 
storage media among the plurality of digital information stor
age media having a selected or maximal value or number of 
occurrences of a selected feature. 

Step 1086: Applying a second order cross media analysis to 65 

generate correlations between ones of the plurality of digital 
information storage media, wherein the correlations are gen-

32 
erated based on analysis of extracted features, to enable cor
relation of selected features across the plurality of digital 
information storage media and detection of a selected degree 
of commonality of features extracted from given digital infor
mation storage media within the plurality of digital infonna
tion storage media; whereby the method is operable to enable 
an operator to analyze and correlate infonnation from across 
multiple ones of the plurality of digital infonnation storage 
media. 

D. Conclusions 

Those skilled in the art will appreciate that the detailed 
description set forth in the following sections is intended not 
to be limiting, but to be illustrative of various implementa
tions, examples, embodiments and practices of the invention, 
of which there can be many variations and modifications. 

For example, aspects of the invention described above and 
claimed below can be practiced without using the complete 
Alix architecture described herein. As a further example, the 
invention could be practiced in connection with a Unicode
aware version of "strings" that can take a block of data and 
isolate all of the "words"; a filter than can evaluate a list of 
"words" and detennine which are the critical words that 
should be indexed (a functionality that is within products and 
software solutions available from Basis Technology Corp. of 
Cambridge, Mass.); and/or a filter that can take the words to 
be indexed and store them in various fonns, which may 
include using the actual representation in which they appear, 
and in standardized, phonetic spelling. 

While the foregoing description includes details which will 
enable those skilled in the art to practice the invention, it 
should be recognized that the description is illustrative in 
nature and that many modifications and variations thereof 
will be apparent to those skilled in the art having the benefit of 
these teachings. It is accordingly intended that the invention 
herein be defined solely by the claims appended hereto and 
that the claims be interpreted as broadly as permitted by the 
prior art. 

I claim: 
1. A computer-based method for determining whether a 

second digital infonnation storage medium accessible for 
forensic analysis relates to a social network with which a first 
digital infonnation storage medium has previously been iden
tified, the method comprising: 

accessing first and second respective digital images gener
ated from digital infonnation retrieved from or present 
on the first and second digital information storage 
media, respectively, the first and second digital images 
comprising first and second representations, respec
tively, of digital infonnation from the first and second 
digital information storage media; 

executing, on the first and second representations, a feature 
extractor function to extract occurrences, from within 
the representations of digital infonnation from the first 
and second digital infonnation storage media, respec
tively, of a selected feature, thereby to generate a feature 
extractor output; 

detecting, based on the feature extractor output, pseudo
unique information from the first and second digital 
information storage media, respectively; 

detecting a degree of commonality between pseudo-unique 
information from the first and second digital infonnation 
storage media, respectively; and, 

if a sufficient commonality of pseudo-unique infonnation 
is detected, designating the second digital infonnation 
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storage medium as relating to the social network with 
which the first digital information storage medium has 
previously been identified. 

2. The method of claim 1 wherein the feature extractor 
function stores feature extractor output in a feature file for 
further processing or analysis. 

3. The method of claim 1 wherein the feature extractor 
function comprises any of an email addressextractor.an 
email message ID extractor, an email Subjectextractor.an 
email date extractor, a cookie extractor, a Social Security 10 

number extractor, or a credit card number extractor. 
4. The method of claim 1 wherein the feature extractor 

function comprises differentiating between values that are 
common and those that are relatively rare within the data 
extracted from across a plurality of digital infonnation stor- 15 

age media. 
5. The method of claim 1 wherein the digital infonnation 

storage media comprise disk drives having disk sectors, and 
further comprising utilizing hash codes of individual disk 
sectors for analysis, detection or correlation, rather than 20 

directly using the extracted digital information. 
6. The method of claim 1 further comprising: 
first extracting 8-bit, 16-bit, and/or Unicode strings from 

the digital images; and 
then using the strings for subsequent processing or analy- 25 

sis, rather than executing processing or analysis based 
directly on the digital images. 

7. The method of claim 1 further comprising prioritizing 
the digital infonnation storage media for further analysis 
based on extracted features. 

8. The method of claim 1 further comprising utilizing 
extracted features to detennine the identity of a principal user 
of a given digital infonnation storage medium. 

9. The method of claim 8 wherein detennining the identity 

30 

of a principal user of a given digital infonnation storage 35 

medium comprises generating a histogram of occurrences of 
an extracted feature. 

10. The method of claim 1 further comprising scarming a 
digital infonnation storage medium to identifY the likely 
existence of infonnation designated or required to have been 40 

expunged. 
11. The method of claim 1 wherein the digital infonnation 

storage media comprise disk drives having disk sectors, and 
further comprising determining whether a given file is likely 
to have been present on a disk drive, based on detection of the 45 

presence on the disk of a pseudo-unique sector, or sector 
containing pseudo-unique infonnation identifiable with the 
given file. 

12. A computer-based method for discovering social net
works with which ones of a plurality of digital infonnation 50 

storage media accessible for forensic analysis may be identi
fied, the method comprising: 

34 
detecting a degree of commonality between pseudo-unique 

information from respective ones of the plurality of digi
tal infonnation storage media; and, 

if at least a selected degree of commonality of pseudo
unique infonnation is detected, designating respective 
ones of the plurality of digital information storage media 
for which such commonality has been detected as relat
ing to a potential social network, thereby to identifY a 
potential social network. 

13. The method of claim 12 further comprising identifYing, 
based on the detecting of at least a selected degree of com
monality of pseudo-unique infonnation thereon, clusters of 
digital infonnation storage media as identifiable with a given 
social network or organizational entity. 

14. A computer-based method of analyzing digital infor
mation present on or retrieved from a plurality of digital 
information storage media, the method comprising: 

generating digital images representative of digital infonna
tion from respective ones of the plurality of digital infor
mation storage media; 

applying a feature extractor function to extract features 
from the digital images or string files generated from the 
digital images, the feature extractor function comprising 
scauning for selected pseudo-unique identifiers to iden
tifY features for extraction, and storing extracted fea
tures for subsequent access or further analysis, whereby 
the feature extraction function extracts features from 
across at least a subset of the plurality of digital infor-
mation storage media; 

applying a first order cross-media analysis, wherein the 
results of applying a feature extractor function are com
pared across multiple ones of the plurality of digital 
information storage media, to identifY digital infonna-
tion storage media among the plurality of digital infor
mation storage media having a selected or maximal 
value or number of occurrences of a selected feature; 

applying a second order cross media analysis to generate 
correlations between ones of the plurality of digital 
information storage media, wherein the correlations are 
generated based on analysis of extracted features, to 
enable correlation of selected features across the plural-
ity of digital information storage media and detection of 
a selected degree of commonality of features extracted 
from given digital infonnation storage media within the 
plurality of digital infonnation storage media; and 

whereby the method is operable to enable an operator to 
analyze and correlate infonnation from across multiple 
ones of the plurality of digital infonnation storage 
media. 

15. The method of claim 14 wherein applying a second 
order cross media analysis further comprises executing a 
multi-source correlation function, wherein the correlation 
function comprises reading a plurality of feature files and 

accessing respective digital images generated from digital 
information retrieved from or present on the plurality of 
digital infonnation storage media, respectively, the 
respective digital images comprising respective repre
sentations of digital infonnation from corresponding 
ones of the plurality of digital infonnation storage 
media; 

55 generating from the reading of the plurality offeature files an 
output containing, for each selected feature, a list comprising 
the number of digital infonnation storage media on which the 
selected feature was detected, the total number of times the 
selected feature was detected on all digital information stor-

executing, on the representations, a feature extractor func
tion to extract occurrences, from within the representa
tions of digital information from respective ones of the 
digital infonnation storage media, of a selected feature, 
thereby to generate a feature extractor output; 

60 age media under analysis, and a listing of digital infonnation 
storage media on which the selected feature occurs. 

detecting, based on the feature extractor output, pseudo- 65 

unique information from respective ones of the plurality 

16. The method of claim 15 wherein the correlation func
tion is characterized by an input comprising a set of digital 
images in a feature to be correlated, and an output comprising 
a list of (feature, drive-list) tuples. 

17. The method of claim 16 wherein the correlation func
tion further comprises executing a scoring function compris-of digital infonnation storage media; 
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ing scoring the correlation to generate a report of digital 
information storage media that are most highly correlated. 

18. The method of claim 17 wherein the scoring function 
comprises summing the number of features that two selected 
digital information storage media have in common. 

19. The method of claim 17 wherein the scoring function 
comprises a weighting function that discounts features by the 
number of digital infonnation storage media on which they 
appear. 

20. The method of claim 17 wherein the scoring function 10 

comprises a weighting function that accords increased weight 
to rare features present in high concentrations on the selected 
digital information storage media. 

36 
generated based on analysis of extracted features, to 
enable correlation of selected features across the plural
ity of digital information storage media and detection of 
a selected degree of commonality of features extracted 
from given digital infonnation storage media within the 
plurality of digital infonnation storage media; 

whereby the method is operable to enable an operator to 
analyze and correlate infonnation from across multiple 
ones of the plurality of digital infonnation storage 
media. 

28. The method of claim 27 wherein the strings are 
extracted using a file format-aware program in multiple 
passes, including one for 8-bit characters, one for 16-bit char
acters in LSB format, and one for 16-bit characters in MSB 21. The method of claim 14 wherein the method further 

comprises automatically identifying "hot" digital infonna
tion storage media, the "hot" media comprising media within 
the plurality of digital information storage media under 
analysis that contain one or more features of interest to an 
operator, and that should be accorded higher priority for 
further analysis. 

15 format. 
29. The method of claim 28 wherein extracted features 

from newly-ingested drives are run against a watch list, and 
hits against the watch list are reported to a human operator. 

30. The method of claim 29 wherein the feature files are 

22. The method of claim 21 further comprising assigning 
priority values to ones of the plurality of digital infonnation 
storage media as a function of detection of media having the 
largest numbers of occurrences of selected features. 

20 read by indexers operable to build indexes, in a database 
server, of the identified features. 

23. The method of claim 22 further comprising automati- 25 

cally identifying media containing a high concentration of 
selected features that are selected as being of interest to an 
analyst. 

24. The method of claim 14 further comprising generating 
a "stop list" of feature values that can be disregarded, sub- 30 

stantially without loss of generality, by subsequent analysis 
processes, wherein the listed feature values are substantially 
ubiquitous across the plurality of digital infonnation storage 
media under analysis. 

25. The method of claim 24 further comprising using the 35 

stop list to suppress output relating to the listed feature values 
of the stop list. 

26. The method of claim 14 further comprising identifying 
social network membership and detennining whether a 
newly-ingested digital information storage medium was pre- 40 

viously utilized by an element of the social network. 
27. A computer-based method of analyzing digital infor

mation present on or retrieved from a plurality of digital 
information storage media, the method comprising: 

generating digital images representative of digital infonna- 45 

tion from respective ones of the plurality of digital infor
mation storage media; 

generating from the images an image file; 
extracting strings from the image file; 
applying a feature extractor function to extract features 50 

from the strings extracted from the digital images, the 
feature extractor function comprising scanning for 
selected pseudo-unique identifiers to identifY features 
for extraction, wherein the feature extraction function 
extracts features from across at least a subset of the 55 

plurality of digital information storage media and writes 
the results to one or more feature files; 

applying a first order cross-media analysis, wherein the 
results of applying a feature extractor function are com
pared across multiple ones of the plurality of digital 60 

information storage media, to identifY digital infonna
tion storage media among the plurality of digital infor
mation storage media having a selected or maximal 
value or number of occurrences of a selected feature; and 

31. The method of claim 30 further comprising executing a 
multi-drive correlation to determine whether a newly acces
sioned drive contains features in common with any drives that 
are on a drive watch list. 

32. The method of claim 31 further comprising providing a 
user interface operable to enable a human operator to interact 
with the images, files, or results. 

33. The method of claim 32 wherein the user interface is a 
multi-user interface operable to enable multiple operators to 
simultaneously interact with the images, files or results. 

34. A computer-based system for determining whether a 
second digital infonnation storage medium accessible for 
forensic analysis relates to a social network with which a first 
digital infonnation storage medium has previously been iden
tified, the system comprising: 

means for accessing first and second respective digital 
images generated from digital information retrieved 
from or present on the first and second digital infonna
tion storage media, respectively, the first and second 
digital images comprising first and second representa-
tions, respectively, of digital information from the first 
and second digital infonnation storage media; 

means for executing, on the first and second representa
tions, a feature extractor function to extract occurrences, 
from within the representations of digital infonnation 
from the first and second digital information storage 
media, respectively, of a selected feature, thereby to 
generate a feature extractor output; 

means for detecting, based on the feature extractor output; 
pseudo-unique infonnation from the first and second 
digital information storage media, respectively; 

means for detecting a degree of commonality between 
pseudo-unique infonnation from the first and second 
digital information storage media, respectively; and, 

means for, if a sufficient commonality of pseudo-unique 
information is detected, designating the second digital 
information storage medium as relating to the social 
network with which the first digital information storage 
medium has previously been identified. 

35. A computer program product operable within a com
puter, the computer program product being operable to enable 
the computer to detennine whether a second digital infonna
tion storage medium accessible for forensic analysis relates to 

applying a second order cross media analysis to generate 
correlations between ones of the plurality of digital 
information storage media, wherein the correlations are 

65 a social network with which a first digital information storage 
medium has previously been identified, the computer pro
gram product comprising: 
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a non-transitory computer readable medium having com
puter-executable program code stored thereon, the com
puter-executable program code comprising program 
code executable by the computer to enable the computer 
to: 

access first and second respective digital images generated 
from digital information retrieved from or present on the 
first and second digital information storage media, 
respectively, the first and second digital images compris- 10 

ing first and second representations, respectively, of 
digital information from the first and second digital 
information storage media; 

execute, on the first and second representations, a feature 
extractor function to extract occurrences, from within 
the representations of digital information from the first 

38 
and second digital information storage media, respec
tively, of a selected feature, thereby to generate a feature 
extractor output; 

detect, based on the feature extractor output, pseudo
unique information from the first and second digital 
information storage media, respectively; 

detect a degree of commonality between pseudo-unique 
information from the first and second digital information 
storage media, respectively; and, 

if a sufficient commonality of pseudo-unique information 
is detected, designate the second digital information 
storage medium as relating to the social network with 
which the first digital information storage medium has 
previously been identified. 

* * * * * 


