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_ The invention relates generally to the graphical display of information
5 and more particularly to the graphical display of information which can be
represented as a graph consisting of nodes and edges.
Description of the Prior Art

Graphs made up of nodes and edges have long been used to represent

entities and a relationship between them. For example, a telephone call from a caller
10 to a callee may be represented by two nodes, one representing the caller and the
other the callee, and an edge which connects the nodes and represents the call.

With the advent of digital computer systems with sufficient power to
drive large high-resolution displays, graphs began to be used to visually represent
information accessible to the computer system on displays. Moreover, users of the

15 computer systems could use input devices such as a mouse or a keyboard to interact
with the displayed graphs. In many cases, the input device could move a pointer in
the display, and the interaction with the graphs depended on the location of the
pointer in the display.

One example of an interactive display system which employs graphs is

20 the system disclosed in U.S. Patent 5,136,690, Becker et al., Dynamic Graphical
Analysis of Network Data, issued August 4, 1992, FIG. 6 herein is FIG. 2 of that
patent. As shown in FIG. 6, the display of that system has a map 600 of the |
continental United States upon which nodes are displayed which represent AT&T’s
switching centers. The edges connecting the nodes represent various statistics

25 concerning the flow of traffic between the nodes. In FIG. 6, edge 603 can be seen
connecting nodes 601 and 602. The edges in the figure represent blocked calls -
between the nodes. FIG. 6 shows blocked calls immediately after a serious
earthquake in Cahfomla.

As is immediately apparent from FIG. 6, a major problem of displays

30 like those of FIG. 6 is clutter, that is, the tendency of the display to become
unreadable as the amount of data it displays increases. Thus, in FIG. 6, the sheer
volume of blocked calls results in so many edges 603 in the display that large
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poi nt.er in the display. One exanple of an interactive display system which
~enpl oys graphs is the systemdisclosed2.n U S. Patent 5,136,690, Becker et
al ., Dynam c G aphical Analysis of Network Data, issued August 4, 1992.
FIG 6 hereinis FIG 2 of that patent. As shown in FIG 6, the display of
that system has a map 600 of the continental United States upon whi ch nodes

are di spl ayeﬁoﬁ&ﬁh&&' théfdis‘f;e i hilitdn ﬁn&lﬂdﬁﬁ@d@?g@é@%ﬁﬁ&m ﬁ%
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di splay to become unr ases.
Thus, in FIG 6, the %? vol efrélt&% e?‘gpyai"r ?ke?’s s&s@ﬁn%ﬂélﬁﬁ&ségﬂ%ﬁy edges
603 in the dwl;;ﬁhemnnhahe user einteractively modify the dlsplay to reduce clutter. The

controls are operated by using a pointing device such as a mouse to move a pointer

640 in the display to the control and then using a button on the mouse to specify an

10 action.

The first of these controls is slider 606, which the user can employ to
reduce clutter by interactively increasing or decreésing the portions of edges 603
which are actually displayed. At the "short" extreme, no edges 603 are shown; at the
"long" extreme, the entire length of each edge 603 is shown. At intermediate

15 positions, a part of the middle portion of each edge is not shown, with the amount
not shown being proportional to the position of the slider.

-~ Slider 610 relates data values to colors and also permits the user to
reduce clutter by interactively establishing display thresholds. Slider 610 is divided
_ into different-colored areas (area 651, for example), each one of which represents a

20 range of the values represented by the edges. Edges representing values which fall
within a color’s range are displayed in that color. The user may interactively define
an upper threshold, a lower threshold, or both in slider 610. Only those edges 603
are displayed whose values lie below the upper threshold (if there is one) and above
the lower threshold (if there is one).

25 Users may further reduce clutter by deactivating nodes. This is done by
using the mouse to move the pointer to a node and then depressing a button on the
mouse. The node is displayed in a different color and the edges connecting the node
to the other nodes are not displayed. The user may reaétivate an inactive node in the

- same fashion. '

30 Buttons in the lower right-hand corner of FIG. 6, finally, perm:t the user

to "zoom" into or out of an area of the display, to extend an edge 603 which is not
. being completely displayed, and to toggle between a display of the presently-active
nodes and a display of the presently-inactive nodes.

e
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-2. portions of the display are hidden and individual edges cannot be

di stingui shed. Anot her exanple of the-3ane problem may be found in M chael
k. Schwartz and David C M Wod, "Discovering Shared Interests using G aph
Anal ysi s", ‘i n: Comruni cations of the ACM Vol. 36, no. 8, August 1993, pp.
78- 89. See in particular Fig. 3. To deal with the problemof clutter,
Becker' s syséiiia hﬂ@ﬂ§hﬁ&ﬁhb"5 whi ch permt the user to |nteract|vely

poi nt | ng devi o stch NG ederhatiuss FSGiEseH 1BdHeske 05 1S PARGE OF FUBFEHet 0t he
control and kéipfal, uhemo flotuddieas therfuhdemeintal causecof theclufter: die lisetdfute The
first of t hepS(%ltfoo %esva'nsoug In'o &%09% shc‘)'\\{v] 'ggggrgp ¢ Iocatiof ARes RN e
' 5 display, and consequently, the nodes 601 cannot be rearranged to reduce either the
lengths of the edges 603 or the number of other edges 603 which a given edge
crosses. It is an object of the present invention to provide a fundamental solution to
this problem and thereby to improve the display of graphs.
| The invention solves the problem of clutter and increases the clarity of
10 the mformauon dxsplayed in the graph by arranging the nodes of the graph in such
fashion that nodes which have more significant relationships with each other than
with other nodes are placed in groups in which the density of nodes in the area |
within a group is higher than the density of nodes in the area around the group. The
nodes in the groups are thus visually set apart from other nodes in the area around
15 the group. Additionally, the groups are arranged such that the groups whose nodes
have the most significant relationships appear near the center of the area. Thus, if
FIG. 6 were displayed according to the principles of the invention, the locations of
the nodes would not be fixed by map 600 (and consequently there would be no map
600) and the nodes representing the east coast switches would be in groups at the
20 center of the display. ' '

In graphs d1splayed according to the principles of the invention,
relationships between nodes which would otherwise be hidden become immediately
apparent. The invention is thus particularly value in situations where the user of the
display wishes to analyze the data from which the display is generated. The

25 invention may be'applied in any situation in which information can be represented as
a graph and relationships between nodes in the graph can be represented by having
the edges represent values of statistics. Among the applications are the display and
analysis of calls made through a given local switch, the display and analysis of
relationships between files and modules in a large program, and the display and

30 analysis of communications within an organization.

The foregoing and other objects and advantages of the invention will be
apparent to one skilled in the art who peruses the following Drawing and Detailed
Description, wherein:
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reduce clutter by interactively |ncrea5|ng or decrea5|ng the portions of

. edges 603 which are actually dlsplayed ‘At the "short" extrene, no edges
803 are shown; at the "long" extrenme, the entire length of each edge 603 is
shown. At internediate positions, a part of the m ddle portion of each edge
i's not shown, with the anpunt not shown being proportional to the position
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color's range. are di splayed.in.th er.act
define an dpper thresHol é &I’}&F@%Bf%{] ﬁla%BfﬂRgW@FlpH@Flph?fd’f only
t hose edges ﬁiéfinvmmm;spl ayed whose values |lie below the upper threshold
(if there is one) an \ ers
may further reduce C%@Q}?ﬁ%ﬁ@&é%ﬁﬁﬁ%&&cﬁﬁﬁéﬁm ongg% uglsng t he
mouse to novprefereedembedimenty a node and then depressing a button on the
FIG. 5 is a drawing of the files used in a preferred embodiment;
10 ' FIG. 6 is a drawing of a prior-art display; and
FIG. 7 is a drawing of data structures which affect the display of the

graph.

The reference numbers employed in the Drawing and thie Detailed
Description have three or more digits. The two least signiﬁcaht digits are a number
15 within a figure; the remaining digits are the figure number. Thus, the element with
the reference number "305" is first shown in FIG. 3.

Detailed Description

The following Detailed Description will first present an overview of the
computer system in which a preferred embodiment is implemented, will then discuss
20 a display produced by the preferred embodiment in detail, and will finally describe
details of the preferred embodiment.

The Computer System of the Preferred Embodiment: FIG. 1
A preferred embodiment is implemented in a computer system with

graphics display capability. FIG. 1 shows such a computer system. Computer

25 system 110 includes system chassis 112, display device 109, and input devices 113
and 114. System chassis 112 includes memory 115, a processor, and a medium such
as a disk drive for storing files. The processor generates a display on screen 111 of
display device 109 by executing a program stored in memory 115; the program
further uses data stored in memory 115. If the program is interactive, its execution is

30 controlled by inputs from interactive input devices 113 and 114. Input device 113 is
a keyboard which includes keys for inputting alphanumeric characters and keys for
moving pointer 640 in screen 111. Input device 114 is a mouse with three buttons,

——
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nmouse. ~The node is displayed in a different color and the edges connecting
the node to the other nodes are not dishl ayed. The user nay reactivate an
knactive node in the sanme fashion. Buttons in the | ower right-hand corner
of FIG 6, finally, permt the user to "zoont' into or out of an area of the
di splay, to extend an edge 603 which is not being conpletely displayed, and

to toggle betygs)) 134@)didai4ed). @Bﬁn&rmﬁfaﬁws trh&%xﬂsﬁike@frﬂﬂﬁkemdi]ﬁd ay of

the presentl |nact|ve nodes,

| nventi
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they do not mmmna 1fto fieritiee coadrolaheisxecafion bfthe limetaetive plograns.e of t he

" the di spl ay, and cORRIREEd eiivbeinibnt AOMPIGRGHAE e MBORAR | 05 0
reduce eit Heenviremment provided by the well-known X Window System.™ That environment
appears in FIG. 1 as X Window Program 123. The program includes X window
code 127, whose execution produces the actual displays on screen 111, and X
Window Data, which is the data used by the code. What displays X window code
127 produces and how X window code 127 responds to inputs from input devices
10 113 and 114 is determined by graph display program 117. Graph display program
117 includes a graph display code 121, which calls routines in X Window code 127
and in turn contains routines which are themselves executed by X Window code 127,
and graph data 119, which contains the data from which graph display code 121
obtains the information which it provides to X Window 123 to produce a display of
15 the graph on screen 111.

In the preferred embodxment, system 110 is an Iris Indigo manufactured

by Silicon Graphics, Inc. The Iris Indigo includes a 50 MHZ IP 20 processor, which

also contains a MIPS R4010 floating point chip and a MIPS R4000 CPU chip. The

Iris Indigo further includes an LG1 graphics board and 32 Mbytes of main memory.
20 A Display Embodying the Invention: FIG. 3

FIG. 3 shows a display 301 embodying the invention. The display
appears on screen 111 of computer system 110 and is controlled by inputs from
mouse 114 and keyboard 113. Display 301 is displaying information about
telép_hone calls made through a local switch during a period of time. The information

25 isrepresented as a graph in which the nodes in the graph represent telephone
numbers and the edges represent telephone calls between the nodes. Both the nodes
and the edges may be associated with various statistics about the traffic through the
switch. For example, each edge may be associated with a statistic indicating the
number of calls made between the nodes connected by the edge during the period of

30 time in question and each node may be associated with a statistic indicating the total
number of calls made by the node.

Display 301 has three major components, graph display 303, which
displays part or all of the graph which represents the information, and control
windows 311 and 317, which control the display of graph 303. All three components

35 are implemented in a preferred embodiment as windows provided by the X Window
System. -
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| engt hs of the edges 603 or the nunber gf ot her edges 603 which a given
edge crosses. It is an object of the pfreSent invention to provide a
frundanmental solution to this problemand thereby to inprove the display of
graphs. The invention solves the problemof clutter and increases the
clarity of the information displayed.in the graph by arrangi ng the nodes of
the graph |n£§Q9hﬂﬁgﬂg[473that nodes whi ch have nore S|gn|f|cant

| at hi th t o/ & '
Whi ch the donsi ty of Srapidiilay A1 A Bo! sl DALARIBISS AR ddplpRIPC 1"
density of n&eRIEsenHng Fﬂeﬂ\oéﬁcél&adﬂdf% 16!1 3:11@6 Pﬁﬁeﬁtr‘@eMps are

EAQ 3 S Vvis Ufi: ! Yluﬁlﬁhrﬂiﬁﬁki 307 Rptesédtasieplishe Tails) %ﬂ&ﬁstitrs%o@tr tRe! ﬂﬂhﬁhﬁﬁe ﬁﬁﬂg&s ]

the st sPoHFERBLRAS Bt 108 i S@ﬂsaaée;rihé Satislys abOibs EgphoRRoHBen,

Thus, if FI Gde@rminechelcalpt andewidile obtheilings 807.t Herepanidrinityed fotlowing, I'ieolor

consequent |y MRS gefi Spaton 45, R SBadtRE hnBbe, C 1T Lsant i ng ¢ ho east

coast switches woul d Isaaccordgncenwith the inventioanthe docationsef the apdesy305 in graph
display 303 are determined by the values of the statistic associated with the links '

- 10 connecting the nodes to other nodes; the more significant the values connecting a set
of nodes to each other are, the closer the nodes in the set will be to each other and the
closer they will be to the center of the graph. Further, the nodes in a cluster will be
closer to each other and will thus be more "dense” than the nodes in the area
surrounding the cluster. The clusters will thus appear to the user to be visually set

15 apart from the other nodes. Cluster 309 is a large example of such a cluster; other
smaller examples may be seen in graph display 303.

A user of display 301 can control graph display 303 by means of mouse

114 and control panels 311 and 317. In the preferred embodiment, the user can
employ mouse 114 to alter the relationship between graph display 303 and the

20 window in which it is being displayed. When the user employs mouse 114 to move
pointer 640 to a position in graph display 303 and presses middle mouse button
114b, the result is a "zoom" into the part of graph display 303 which is centered on
the pointer. To do a "zoom" out, the user simultaneously presses middle mouse '
button 114b and a shift key on keyboard 113. Finally, if pointer 640 is in graph

25 display 303 and the user presses right mouse button 114c, a "pop-up" menu appears.
The menu permits the user to select a variety of computations which rearrange the
graph so that nodes with signiﬁcaht relationships are grouped together.
Histogram Window 311

Control window 311 is a histogram window. Such windows relate

30 colors used in graph display 303 to values of statistics and are also used to control
the display of nodes 305 and links 307 in graph display 303. A histogram window
311 may be displayed in display 301 for each of the statistics which is presently
associated with the links and nodes in graph display 303. The horizontal axis of
histograin 313 repfesents the range of values in the statistic; the vertical axis

35 represents the number of nodes or links which have a given value. In the preferred
embodiment, the range of values may be associated with a range of colors. In FIG.
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I n graphs di spl ayed according to the pr+’ nci pl es of the invention,

rel ati onshi ps between nodes whi ch woul d" ot herwi se be hi dden becone

" Pmredi ately apparent. The invention is thus particularly value in _
situations where the user of the display w shes to anal yze the data from
which the digplay is, generated. The invention may be applied in any
situation i n3M¢>€/4tfnﬂw onainbome rargeris being aeds st the blue endgf therrangel

. : . — . O ing the
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di spl ay and pstvaluess The colorasspciated with thevaly stafistic fexg nede, ortlink in
di spl ay and hiswigyam window 81l demhf hﬂﬁ&d&?&&ﬁﬂmﬁﬁ&lﬁ% g?f)glgtgwljﬁmaﬁ Fﬁeﬁihgﬁ 'br #inkar ge
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i nvention will be apistogram window 3kl furthdr inay beased o define perask ehidhhe
Fol lowi ng Dr gteifines Wich b6k IR BleuB makh Shdph'iisplay 303. Whenauser
presses left mouse button 14a and moves pointer 640 across histogram 313, the |
_ * nodes or links whose statistic values lie in the section of histogram 313 across which
10 the pointer moves are "turned on” in the mask, i.e., if the mask is used to control
graph display 303, those nodes or links are part of graph display 303; if the user
does the same but presses middle mouse button 14(b), the nodes or links whose _
statistic values lie in the section of histogram 313 across which the pointer moves are
"turned off" in the mask, i.e., when the mask is used, the nodes or links are not part
15 of graph display 303. When a node or link is "turned off", it plays no part whatever
in the construction of graph display 303. There is no limitation on the number of
areas of histogram 313 which are "turned on" or "turned off". Histogram window
311 is thus an example of a data selector of the type disclosed in Stephen G. Eick,
“Data Visualization Sliders", submitted to ACM Transactions on Computer-Human
20 Interaction | ' : | _
Slider 315 in histogram window 311 controls a smoothing function
which smooths the histogram according to a kernel density smoothing function. See
B.W. Silverman, Density Estimation for Statistics and Data Analysis, Chapman and
Hall, New York, NY, 1990. The slider is operated by moving pointer 640 to slider
25 315 and moving pointer 640 while depressing left mouse button 114a. As slider 315
is moved up, the amount of smoothing increases. Slider 315 and histogram 313 can
be used together to locate and study interesting groups of nodes or links. First, slider
315 is used to decrease smoothing until interesting irregularities in histogram 313
become visible; then the mouse is used in histogram 313 as described above to make
30 a mask which "turns off" all nodes or links but those whose statistic values are in the
interesting areas in histogram 313, | . |
There may be a number of histogram windows 311 simultaneously
visible in display 301. If more than one of the histogram windows 311 controls the
display of either the nodes 305 or the links 307, then the mask most recently defined
35 for one of the histogram windows 311 applies to all of the other histogram windows
311 for the nodes or the links. Since that is the case, the histograms 313 in the other
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4-- Brief Description of the Drawing FIG 1 is a drawing of a conputer
systemin which the invention may be i-fpl enented; FIG 2 is a draw ng of
ffurther data structures which represent the graph; FIG 3 is drawing of a
di spl ay produced according to the principles of the invention; FIG 4 is a
drawi ng of a data structure which represents the graph in a preferred

enbodi nent ; Windows aresmade! witbittreférerict o fhiel dded SEkhKs WiliclP R nRdskthms
enbodi nment ; 6 is a drawing of a prior-art display; and FIG 7 is a -

drawi ng of data structures which affect the display of the graph. The
ref erence nuGontrol Bamel318d in the Drawing and the Detail ed

Control panel 317 selects the statistics used to construct the graph
5 displayed in graph display 303, determines which histogram window 311 is being
displayed, selects masks for links and nodes, and also determines how the statistics
influence the size and shape of links 305 and nodes 307. Control panel 317 has three
main parts: a node control portion 319 for controlling nodes, a link control portion
321 for controlling links, and a statistics list portion 323 which indicates the
10 statistics available to control the nodes and links.

Beginning with statistics list portion 323, portion 323 specifies the
names of statistics for nodes and links as well as names of lists of values which
provide global masks specifying which nodes and links are to be displayed and lists
of values which specify the shapes of the nodes. The statistics and lists for nodes

15 specify a value for each node, while those for links specify a value for each link. If
a name specifies a statistic, the user can make histogram window 311 for the statistic
by moving pointer 640 to the name of the statistic in statistics list portion 323 and
pressing right mouse button 14c. Histogram window 311 for the statistic will
thereupon appear in display 301. Statistics and lists are related to nodes and links by

20 using mouse 114 with left button 14a depressed to drag the name of a statistic or list
to a slot in either link control portion 321 or node control portion 319. The aspect of
the link or node controlled by the slot is then based on the values in the statistic or
list specified by the name.

Continuing with node control portion 319, the portion has five slots in a

25 preferred embodiment:

o the Size slot is for a statistic which will determine the sizes of the nodes;
o the Color slot is for a statistic which determines the colors of the nodes;

o the Shape slot is for a list of values which determine the shapes of the nodes.
The values in the list must correspond to the types of shapes available for the
30 nodes;

o the Mask slot is for a list of values which masks certain ones of the nodes; if the
node is to be masked, its value in the list will be 0; otherwise, it will be 1; and
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Description have three or nore digits. .,The two |least significant digits are

a nunber within a figure; the remaining digits are the figure nunber. Thus,

the el enment with the reference nunber "305" is first shown in FIG 3.
Detai |l ed Description The followi ng Detailed Description will first present
an overview of the conmputer systemin which a preferred embodinent is
ARt S T ayiiiiagiiiesr s i Hotsen AR e bop
enbodi ment . Thqlézrﬂ)h?? ovﬂgp ym g?l%t rem#?@%zjgﬁggﬁuﬁ%ﬁg@ Igzlmg@%ﬁ'ro\r © :
preferred embodSGiErHon rqﬂ%’l"-efﬁ!?ﬁ"@ﬂ Siat t%“’@cﬁﬁ!‘t L system wi th graphics
di splay capability. FIG 1 shows 'sych a conputer system Conputer system
and 114, - Sk CoRoEpETEn J2 i imiad HrSShs At ERy bk yp8 e, P MK SRE 11 L
such as a i Sdectiamsiots.oThe statistivy ifi itiese sloBrenfrobthesesaspegss abthatlinks in thespl ay
15t rar oy oD, faShioR a2 e bR BboVi-YoP ode CHhttbl Pikidn B19.9 "SI W Rk fepatdta™ 0" Y
" Tinks specifies the width of the link 307 in graph display 303.
Continuing with other features of control panel 317, the numbers in
parentheses at the top of node control 319 and link control 321 indicate the total
10 number of links being displayed; the number following "Selection" indicate the
number of nodes or links specified for display in the relevant histogram 313, and the
number following "mask" indicates the number of nodes or links being displayed
with the relevant mask. A comparison of these numbers with the numbers at the top
of portions 319 or 321 indicates what proportion of the total numbers of nodes or
15 links are currently visible in graph display 303.
Sliders 325 and 329 scale the node and link sizes established by the
statistics in the relevant "Size" slots. By reducing the size of the nodes or links, the
user can decrease clutter, and once the user has zoomed in on an area of interest, he
can increase the size of the nodes or links in order to better appreciate the differences
- 20 in the statistics encoded by size. Color scale button 331 allows the user to choose
other color scales than the rainbow; in a preferred embodiment, a gray scale is also
available. When "Directed" button 331 is selected, links 307 are displayed as thin
isosceles triangles, with the broad end of the link at the source and the narrow end at
the destination. The position, print, and fit buttons are of no interest for the present
25 discussion; quit button 335 simply terminates execution of graph display program
117. e ‘
In other embodiments, display 301 may include a time control window.
In such an embodiment, there are sets of statistics taken at different times, and the
time control window includes a slider upon which sets of statistics are specified.
30 Using the slider, the user can select which set of statistics he wishes to have
determine the form of graph display 303, and if the user selects sets of statistics for
more than one time, a graph display window 303 appears for each one of the selected
times. The user can thus easily see how the passage of time has affected
relationships between the entities represented by the nodes in the graph.

—_—
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further uses data stored in nenory 115, |If the programis interactive, its
execution is controlled by inputs fron1?nteractive | nput devices 113 and
$14. Input device 113 is a keyboard which includes keys for inputting

al phanumeric characters and keys for noving pointer 640 in screen 111

| nput device 114 .S a muse with three buttons 114(a), 114(b), and
114(c). Poi nPetalledAmpiemen ationof 8 Rreferred. Ex HNERt 114, and the buttons may -
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dat a used byotheenedese. \What di spl ays X w ndow code
Representing Display Graph 303: FIG. 4
FIG. 4 shows graph data 401, the data structure which represents display
graph 303 in a preferred embodiment. The main components of graph data 401 are
10 node data 403 for each node 305 in display graph 303 and link data 427 for each link
307 in display graph 303. Each item of link data 426 includes indexes (429,431) to
the items of node data 403 with which the link represented by link data 426
connects, and each item of node data 403 includes a pointer (413) to a node link list
423 of link indexes 425 which permit location of the items of link data 427 which
15 represent links which begin or end at the node. Thus, link data 427(i) in FIG. 4 )
represents the link which connects the node represented by node data 403(a) with the
node represented by node data 403(n).
Continuing in more detail, each item of node data 403 has the following

fields:

20 « X POS 405 and Y POS 407: These fields specify the location of the node 305
represented by node data 403 in display graph 303;

« No. Links 409 indicates the current size of node link list 423 for node data 403;

‘e No. in List 411 indicates the number of link pointers 425 currently i in node lmk
list 423

25 Listptr 413 is a bointer to node link list 423;
« color 415 specifies the color of the node 305 represented by node data 403;
» height 417 specifies the height of the node 305;
. o. width 419 specifies the width 6f the node 305;
o type 421 specifies how the node is to be displayed.

30 In the preferred embodiment, the values of color 415, height 417, and width 419 may
all be derived from statistics relating to the entity represented by node 305. There |
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127 produces and how X w ndow code 127|lgesponds to inputs frominput

devices 113 and 114 is determ ned by graph display program 117. G aph

di spl ay program 117 includes a graph display code 121, which calls routines
in X Wndow code 127 and in turn contains routines which are thensel ves

executed by X Wndow code 127, and graph data 119, which contains the data
from whi ch” gt&fpurdisplay ypes incthe prefessedembodiment: ovals ol with awbordér, i t pr ovi des

O Fery og u e@ngetanand s&tarulir SAlIPY bethed, 1ovp'a 3B 3 RisdHATPe Bldbterhindd'®

preferred enbgdi nent.. system 110 1s an Iris ' g0 ma e I'Ticon
G aphi cs, Inﬁ'ﬂFI EXRI?‘PEX&I‘% go includes a 50 VHZ | P 20 processor, which

al so contains a M PSTRéGeldsiof dinkidag 427 aié thelTolowin@: @ M PS R4000 CPU chi p.
The Iris Indigo further includes an LGL graphics board and 32 Moyytes of

mai n menory. A Febmpixd295ap Gdek B8 nddCAdts 463 For Mk nddeG whidH e 1idk 3HFVS 2
di spl ay 301 enbodyi ng t.he.in en%_f)n., .The display appears on screen 111 of
conput er systerﬁ"ﬁﬁ %ﬁiobyl]é“kc PHEGINES;i nput s from nmouse 114 and keyboard

113. Display 301 is displaying informtion about
pray ¢ Toidx 431, ag index tg node data 403 for the node at which the link 307

represented by link data 427 terminates;

e weight 433, a statistic for the link which indicates the sigriiﬁcance of the
10 relationship represented by the link and which thus determines the position of
nodes connected by the link relative to other nodes in display;

e length 435; the current length of link 307 represented by link data 427;

e color 437, the color of the node; in the preferred embodiment, the color is based
on the statistic used for weight 433; and '

15 o width 439, the current width of link 307

As can be seen from the foregoing, graph data 401 contains all of the information
- required to draw display graph 303; what will be disclosed in the following is the
manner in which the fiélds receive their values and the manner in which graph 303 is
_ drawn from graph data 401. .
20 File Data for Graph Display 303 . _
~ The data used to generate graph display 303 is contained in a set of files.
Fig. 5 shows set of files 501 and the individual files which are its members. The first
two files are graph files 502, which specify the nodes and links in graph display 303.
Node file 503 is simply a list of node identifiers 505, one for each node 305 to be
- 25 displayed in graph display 303. In a preferred embodiment, there is a unique node
identifier for each node 305 and the node identifiers may be sorted into an ordered
list. The second file in graph files 502 is link file 507; it is a list of link entries 509,
one for each link in graph display 303. Each link entry 509 contains two node
identifiers 511; one, from identifier (FRID) 511, identifies the node 305 which is the
30" source of the link represented by link entry 509; the other, to identifier (TOID) 513,
identifies the node 305 which is the destination of the link.
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t el ephone calls nmade through a |ocal switch during a period of tinme. The
information is represented as a graph-ilh- which the nodes in the graph
represent tel ephone nunbers and the edges represent tel ephone calls between
t he nodes. Both the nodes and the edges may be associated with various
statistics about the traffic through the switch. For exanple, each edge may
be associated with a Thestatisti¢sctoibedissoeidtedywith chenodes andfinksdre sonained et Wween

cach node o aaies Bleps 1l BeROiRy b bt ot hesB Bick pirh ot B BRbIC ey o
cal I's made bijles Appassievariables ipagticmoi23ofcontiolwindaydl 7c Shema statistics filep h
o o Do, S SRS SR e 16y N R T BT
graph 303.5 afiles gﬁYee@emﬂg dpseaghaode 303 ingraphydisplay 303 e eatay Eordodi ment -
‘as wi ndows pgiven fede 305 ¢omtains itié vy oBYisd fdfistic for the given node and has the same

position in node statistic file 515 as the node ID 505 for the given node has in node

file 503. When a statistics file 516 contains statistics associated with links, it is a

link statistic file 519; again, there is an entry 521 with a value for the statistic for

10 each link and the entry 521 for a given lmk has the same position in link statistic file
519 as entry 509 for the given link has in link file 507. _

There may also be any number of display specification files 531. These
filed may specify the shapes of nodes 305 and may also define masks. Files in the
later category are termed files. Two display specification files 531 are shown in FIG.

15 5; one of them, node mask file 523, contains an entry 521 for every node listed in .
node file 503; the entry contains the value 0 if the node is not to be displayed and 1 if
it is to be displayed. Again, the entry for a given node océupies the same position in
node mask file 523 as the node identifier for the given file occupies in node file 503.
The other, node shape file 527, is structured the same way as node mask file 523.

20 Entry 529 in node shape file 527 for a given node has a value which indicates the
display type of the node. In the preferred embodiment, there are four display types,
and entries 529 must contain integers between 1 and 4. Link mask files (not shown)
work the same way as node mask files, except that there is an entry for each link in
link file 507. :

25 Memory Data Structures for Display Graph 303: FIGs. 2 and 7

- The data structures for display graph 303 are maintained in memory 115
 as graph lists 201, Graph lists 201 are part of graph data 119. The first of these data
structures is node list 203, which is a list of node data structures 403. Node Count

~ 205 is a value which indicates the number of nodes in node list 203; similarly, link

30 list 207 is a list of link data structures 427, and link count 209 indicates the number

of links in link list 207. ‘The link indexes 425 in node. link list 423 are indexes of

- link data 407 in link list 207; similarly, Fromidx 429 and Toidx 431 in link data 427
are indexes of node data 403 in node list 203. The node data 403 in node list 203 has
the same order as the nodes in node file 503, and the link data in link list 207 has the

35 same order as the links in link file 507. | -
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-6- Graph Display 303 Graph display 303 is a "zoont view which displays a
part of the graph representing tel ephole calls. In graph display 303, nodes
305 represent tel ephone nunbers; links 307 represent tel ephone calls.
Stati-stics about the tel ephone nunbers determ ne the col or and . size of the
nodes 305; statistics about the tel ephone calls determ ne the col or and

W dlt h of the links 38bde daaei03'1or a giveh fod@is rélteddo theowdderidentifier S0 fora gr ay
Pl O g lh oo Bbeh S eBy i R SSERHATG 285! NP g0 e
val ues of t rsimplye listtof aodes Has 508 framviode filer503 fonkhe grapincwréntly teing nodes t o
O or e b T} 8 A e VieruRA i P e Snthatotes Lo
the closerS tn9s¢ data403s in goderist 203« Byl fist S iglae\i@hOf indexesdato nodelDhligtes | n a
cluster w | 1216ndlMode tist 203 arHerdis i indéxforeach ddeSaddthe M xeinhelistlapan t he
nodes in the ﬁereg by the sorted order of the node identifiers. The list is used by a function

called FindNode which takes a node identifier and returns the index of the node in

nodelID list 211 and node list 203.

10 Constructing Lists 201
* In a preferred embodiment, graph display code 121 which produces
display 301 is invoked using a command line like this:

<prog_name> <options> <node file> <link file> <data file list>

The node file argument specifies node file 503, the link file argument specifies link
15 file 507, and the data files argument specifies a list of statistics files 516 and display
specification files 531. '
The options in a preferred embodiment include options specifying
- whether graphic displdy 303 and histogram 313 are to be displayed using a rainbow
range of colors or a gray scale range and an option specifying a file of node |
20 positions. The latter option is used to simply redisplay a previously-constructed
graphic display 303. 3 | |
- On commencement of execution, graph display program 121 initializes
and instantiates the widgets for the windows of display 301 and then reads the color
display option and sets state as required by the option. Next, the program reads node
25 file 503 one entry 505 at a time. As each entry is read, the node ID is added to
nodelD list 211, an item of node data 403 is added to node list 203, and byID list 215
is reordered as required by the new node ID. Then the program reads link file 507
one link element 509 at a time. As each link element is read, a link data item 427 is
added to link list 207. The FindNode function is used to convert FRID 511 and
30 TOID 513 to indexes of the node data 403 for the nodes represented by the IDs and
those indexes are placed in Fromidx 429 and Toidx 432 respectively. Thereupon,
the indexes are used to locate the node data items 403 for the nodes and the index of
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surrounding the cluster. The clusters will thus appear to the user to be
visually set apart fromthe other node¥- Cluster 309 is a | arge exanpl e of
such a cluster; other smaller exanples nay be seen in graph display 303. A
user of display 301 can control graph display 303 by neans of nouse 114 and
control panels 311 and 317. In the preferred enbodi nent, the user can

The. W ndow | e o e S B oon) ovs rouse. 114
to nove pointer- 640 ﬁ)a posifien &géﬁs I%ﬁagfﬁ V\G/r“§f)i‘h e?@%‘%gﬂﬁi%%&"é‘smmfﬁgdl e
gg g S 3/“ Ib EL t io ;po]siltiﬁn, ﬁeﬂdss405a&1dle407i f_e_r eachzmdaﬂatiaritqu' 428 o;'tmrwisef thg valubs off spl ay
si mul t aneoué‘f ? ﬁ{pbtrngﬁ;eg%sﬁrgn %@I @%é@%ﬁ%ﬁ %%q‘i%ﬂg‘@ﬁ%%% %‘&Eseélﬁtﬁ;énmkey board
113. Fi nal3 yof riode fist 2Q3-2ndssets position figldsA0Sand 07 in gefirstrpderdata item t90.8s5ses
: | ght mouse ghilis Ofle &deter otﬁdi'sl'giﬂ,fgﬂgﬁ 303 The podaed field$ 6f SRR hoBE iniub® afehe user
o0 select a varitety of conputadtlohs ILch fearrange the, graph,.so that nodes
with signifiSehsR ﬂ\‘éﬂ’&tﬂ"éﬁ&?ﬂpﬁ? %@%&%éﬁ%ﬁb&ﬁ&ﬂ gmv@%& r ¥ithe#chiow 311
node at essentially the same distance from all of its neighbors. As each node is
placed, the distances of the links between it and previously-placed nodes are
10 computed and placed in length field 435 of link data 427 for the node.
| The next stage is to set up control panel 313 for display. In Nodes
portion 319, the value in node count 205 is displayed at the top and mask and
selection are set so that all nodes are on; Link portion 321 is set up in analogous
fashion. Then the program sets up variables portion 323 so that the names of the
‘15 statistics files 516 and the display specification files 531 provided as arguments to
the command line are displayed in variables portion 323.
When the program has done all of this, it "realizes" the widgets for the
windows making up display 301 and the windows appear in display 301. If no
position option was specified, display graph 301 appears at this time as a graph in
20 which the nodes are arranged in hexagonal rings and the links connect the nodes as
required by their positions and all nodes and links have the same default colors.
Once the program is running, the X Window System responds to mouse
events in display 301 by invoking "callback routines” in graph display code 121
which set values used to redraw display 301. When the X window system next
25 redraws the display, the appearance of the display is determined by those values.
One such mouse event is the assignment of a statistic to the nodes. As previously
explained, to assign a statistic to the nodes, the user drags the name of a file of
statistics for the nodes to the relevant field in nodes portion 319. In response to that
operation, the program uses the values in the statistics to set the values of the
30 relevant fields in node data 403. For example, if the statistics file selected is dragged
to the "size" field, the values in the file are used to compute the values in height field
417 and width field 421. Assigning a statistic to the links works in exactly the same
fashion, except that the fields set are in link data 427. When the changes have been
made to graph data 401, the program redraws display graph 303 in accordance with
35 the values currently in-graph data 401. |
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Control w ndow 311 is a histogram w ndow. Such wi ndows relate colors used
in graph display 303 to val ues of stat-il§tics and are al so used to control
the di splay of nodes 305 and |inks 307 in graph display 303. A histogram
wi ndow 311 nmay be displayed in display 301 for each of the statistics which
is presently associated with the links and nodes in graph display 303. The

horizontal axis of hiwhes R iseraksighlhEERES t6 B dofitIRIPIn Hed bmsldﬂe _
| ﬁt atistic; H\?Faﬂ\{ﬁé‘%}qcﬁl P A s r epr ezﬁgéﬁ%&& ﬁgﬁu&nbeéwgf nodegd:% q;aqaﬁpg "whi ch
ave a.given may be
associ at ed wrepresentingithe ratigeouflcolm's used iftitiié display, Thdflprogmn thearsetsicalorbow’
Val tes. of t haoidrEBtor #hbdb fifie BOISEwAGE oftre0RubE RORe il L Wil G 0"
The col or ‘asthediodecWhan the X Windaw System nexsiredisplaysalisplay 30k dcitisplays thek i n
2;3 togram ‘r’]\ﬂkﬂ@HB’Yn?tﬂéLsﬁéé{ﬁeh%lo?t 3 the ulsér tHét ShPloPS thetiGust Ak BbscriBedBb&VR thhe
request a histogram window 311 for the statistic, the program sets up the data
structures for a histogram window 311 for the statistic and when the X Window
system next redraws display 301, histogram window 311 appears with a histogram
10 313 for the statistic.
In links, the statistic which determines the color of a link is also used to
position the nodes; consequently, assigning a statistic to the color field of links
portion 321 not only sets color field 437 in link data 427 for each link, it also sets
weight field 433. The program maintains a list in which the nodes are ordered by the
15 value of their weight fields, beginning with the node with the largest value in the
' field. That list appears in FIG. 7 as byStr 703. The list has an entry for each link,
and the entry 705 contains the index of the link data 427 for the link in link list 207.
Each time weight field 433 for a link is set, bySr 703 is reordered as required for the
new value of weight field 433.
20 As prevmusly explained, the user may define masks for nodes or links
by dragging the mouse across parts of a histogram 313; the data structures in graph
data 119 which retain the masks thus defined are nodeSel 707 and linkSel 711,
shown in FIG. 7. NodeSel 707 has an entry for each node, with the entries being in
- the order of the nodes in node list 203, Each entry may have the value 1 if the node
25 istobe displayed or the value 0 if it is not to be displayed. These values are set in
nodeSel 707 when the mouse is dragged across histogram 313 for the nodes.
LinkSel 711 is the same except that it has an entry for each link in link list 207, the
entries are in the same order, and the values are set by dragging the mouse across
histogram 313 for the links.
30 NodeSel 707 and linkSel 711 may additionally be set from mask files.
That is done by dragging the name of the mask file to the mask field in node portion
319 for nodes or to the same field in link portion 321 for links. In both cases, when
the X Window System next redraws display graph 303, it uses or ignores the nodes
and/or links-in making display graph 303 as specified by the values in nodeSel 707 -
35 and linkSel 711. NodeSel 707 and linkSel 711 further determine what nodes or links
are taken into account in making histograms 313. If a node is tumned off in nodeSel
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wi |l be displayed in graph display 303. Hi stogramw ndow 311 further may be
used to define a mask which deterninesMhich nodes or links are used to
make graph display 303. When a user presses |eft nouse button 14a and noves
poi nter 640 across histogram 313, the nodes or |inks whose statistic val ues
lie in the section of histogram 313 across which the pointer noves are
"turned on" TOV,statisticesfor the. node aref natiusedrinshakeshistogrintsfor noder sudtisgesaph di spl ay

e : _ . o4 h does.
the same. but > arad; ifla 3 Rished o i it 7Y, e eior B e wF Wl W 0oc
statistic vamat%hasqummsquémkgmsm of histogram 313 across which the

poi nt er nOVERe&ran GespiPDispldv3g3ne nask, i.e., when the mask is used,
t he nodes or _ m%r?h di spl ay. 303. When a node or link
beropethhg

is "turned® of f*, it pPMLiRP gh displayi303 isthat the dregsamof gr aph
di spl ay 303. refirangesiitsouhal iotles having more ﬁbﬁiﬁ@ﬂ&b@lﬁﬁ@rﬁs&?s&@ﬁ&{ %théxﬁﬁl}gg ram 313
exanpl o of Aopa ar 88 sulus bk Rerine it SuPEAAHe HhRSHARE Falud oEMEREIR na -
Vi sual i zat i ofield1433 send'to clusteri The dlgovithwThsel tomsaketthonsdes wlhiSterardse outbfan

the following theoretical considerations:

10 Clearly, if the nodes are to cluster, the relationship between the weight

of a link and the distance between nodes should be inverse, with nodes that have

large links having short separation. The simplest form of such a relation is to require

that the distance between two nodes be inversely proportional to the size of the link:

d ij oc L
_ Wij :
15 where d;; is the displayed link length, w;; is the weight of the link.
| The obvious candidate for such a placement algorithm is the statistical

technique of multidimensional scaling, or MDS, disclosed in Kruskal, J.B., and
Wish, M., Multidimensional Scaling, Sage Publications, Newbury Park, CA. Given a
matrix of dissimilarities, 5;;, this method fits positions to the nodes that minimize

20 X(d; -?-8,-,-)2. Setting 8;; = -WL- would give a layout that should attempt to satisfy

if : ) -
the above relationship. . |
Unfortunately this does work well for two reasons. The practical

reason is that the method requires the inversion of the matrix of dissimilarities,
which can be expensive for large systems. Another drawback can be seen by

25 considering the quantity to be minimized:

(di,-w,«,-- 1)2

E(dy=dy? = 2dy - ——)? = T L

. ij Wij
The method tries to set d;;w; to be close to unity (as required), but the

minimization is weighted by ——, with the result that small links have an

2 14
Wij
inordinate importance relative to large ones - exactly the reverse of the situation we
30 would like. ' '
-
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Interaction Slider 315 in histogran1m[g€om131l control s a snoot hi ng
functi on which snmooths the histogram actording to a kernel density

snoot hing function. See B.W Silvernan, Density Estimationfor Statistics
and Data Analysis, Chapnen and Hall, New York, NY, 1990. The slider is
operated by noving pointer 640 to sllder 315 and movi ng poi nter 640 while

depressing | eft nousenthergnethadthat has been ysed ipam guiseis thateofanount  of
snoot hi'ng i ngredah muﬁizh in&}&ﬁﬂ&ldﬁ(ﬁfﬁgrnﬁﬂés?](%ﬁ%ﬂle%n&ﬁﬁd together to
| ocat e and sggg | Pll8rqu s of _nqdes, oy §S rst, slider 315 is
used to decr §°-"8 i $1Vr§2 Q@Fleﬂawﬂeﬂbw tPéglP?qustogram

313 becone vmmhhmumhwmwmmavlussomﬁasdmame b_ﬁ ingJfIh@fiodés afid :Aﬁed
Uat st o T oo A R NeloRs Bhhod St ieBRSF Regtend iR A kol RS, &0y
be a nunber wminimizasdhe functiomdseesBarden,R.rhyland Feivess 1. Namirtieal !Anaiysspl ay 301.
o R e DB BB A, e b ISR L
known as force-based algorithms, as they are equivalent to releasing a set of nodes
under a system of inter-node forces and letting them find an equilibrium layout. A
10 common example of such an algorithm is to model the nodes as having springs
attached between them, the strength of each spring being proportional to the size of
the corresponding link. Some repulsive force between nodes is also required to
prevent the nodes from coalescing.
Although widely used, the spring algorithm is not a perfect model. It
15 certainly brings nodes closer together when the links are stronger, but it has a )
tendency simply to bring nodes which have a lot of strong links together, regardless
of whether they have strong links to each other. It also tends to fill an area, since all
nodes want to get as close to each other as the repulsive force will allow. Thus
nodes will tend to fill in gaps. This behavior is useful in that it fits as many nodes as
20 possible into an area, but it tends to hinder the ability to spot groups, as groups are
always embedded in a sea of less important nodes that have drifted beside them.
We elect instead directly to minimize the function

1 ., _ o (dywi=1)?
wymg = E L |
This gives the required relation, and also states that our strongest interest is in close
25 nodes, where the weights are high. In contrast to the spring method, nodes with
weak links are moved to positions well away from the other nodes, so that important
 groups are readily identified.
‘The hierarchy is also taken advantage of in the layout algorithm.
_ Starting with the root node (which we place at some appropriate center, usually the
30 origin), we consider the sub-network generated by its children and use our
minimization algorithm to place them. We then re-center and re-scale to place the
children at the parent’s location and recursively use this algorithm on the child
nodes. This gives us a layout algorithm that can deal with any depth of
hierarchy, and which is comparatively fast as the slow part (the minimization
_\\
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for one of the histogramw ndows 311 applies to all of the other histogram
wi ndows 311 for the nodes or the linksi8Since that is the case, the

hi stograns 313 in the other wi ndows are made w thout reference to the
nodes or |inks which the mask "turns off".. Control Panel 317 Control panel
317 selects the statistics used to construct the graph displayed in graph

di-splay 303, regﬁﬂto*w Q' sablnetwsiey 311 i s being displ ayed,

sel ects mask Qr ] and al so_determ nes how the statistics
i nfl uence thE2eEAIILE —"Ja'a'L-'---“a" RANEEMCREd nodes 307. Control panel 317
has three main partsInapraﬂﬁecembodaknqnnnivomhamesmeusedlixmbjrang;nglodes a

ok, 5o Pl s Ha h3eaR ket bElroRaf Bk e .
and |inks.5 The first technique quickly moves nodes into an approximation of the proper
arrangement by swapping nodes if the swap results in bringing nodes with significant
relationships closer together; the second technique refines the approximation by
moving all of the nodes a small distance in a direction which brings their significant
relationships closer together.
10 The first technique will be termed herein SwapStep and the second will
be termed DescendStep.

SwapStep takes as an argument a specified number of steps For that
number of steps, SwapStep does the following: first, it selects two nodes at random;
if they are the same, it iterates again. Otherwise, it computes the node potential for

15 each of the two' nodes. The node potential is the sum of the link potentials for each
link connected to the node. In a preferred embodiment, the link potential is
computed as follows: :

(length *weight - 1)?
where length is the value of length field 435 of link data 427 and weight is the value
20 of weight field 433. '

Then SwapStep adds the two node potentials to compute a total node
potential for the nodes in their present position. Next, the two nodes are "swapped”
by 'setting XPOS 504 and YPOS 407 in node data 403 for each of the nodes to the

 corresponding values from the other nodes. Thereupon, the values of the length
25 fields 435 for any links connecting the two nodes are recomputed to reflect the new
positions. This done, the node potentials are recalculated as explained above and
added. The result is compared with the total node potential for the original position.
If the result is greater, the nodes remain in their present position; if it is less, they
are swapped back to their original positions. -
© 30 In order to avoid local minima, SwapStep also swaps the nodes ifa
value based on a random number is greater than a parameter whose value is based on
the number of swéps made where the result was not greater. The parameter is
initialized to 1 before SwapStep begins its iterations. This technique for avoiding
" local minima is termed synthetic annealing and is described in Lawrence Davies,
35 Genetic Algorithms and Simulated Annealing, Pitman, London. '
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Beginning with statistics list portion 323, portion 323 specifies the names .
of statistics for nodes and |inks as w84 as nanes of |ists of values which
provi de gl obal nmasks speci fyi ng which nodes and |inks are to be displayed
and lists of values which specify the shapes of the nodes. The statistics
and lists for nodes specify a value for each node whil e those for |inks

speci f{ ahvalt ue for mcdre besaeslln?s& pdep memt & pesgrirh z mputes dhe ﬁémsrk t hg4385{)

I'S NMoV.1 | e
The nans of A oY 18Rt graat isptay 303 %epew?%swnsg%?g%os rekeng 11 ght
nmouse butt ngﬂe(potdﬂhalscfgr zlhof/\lha dodesﬁggrdpi{dxkﬁley 3031t DescendStep embpluss wololnnks
by et ng mpuse Phetd fespit 8f (MRIAR, Tk bolire s ASH I NAREGE, ',
stati sti c SorEachdist has epesingy foreashmede and the entriesifor the apdésmre 8pthesameode
control portdrér a3 kReir A6 dtPREMs D3 if'Sode! 1Y 204, ?{?é’éhcﬁ@&ﬂ?@zg?@co{:x%‘in sl ot

is then base on the values I1n the statjstic. or eci nane.

Conti nui ng W fsﬁ"srfe X 6PQr gqategoq.qdl the entrigs 72 hin Bh719 ‘Eﬁi‘tﬁﬂgffﬁtﬁ@ tedts in a
preferred erdpogdinaes. These offsets indicate the direction the nodes should move in to lower

the potential of the system. Mathematically, zx and zy form the 2n-dimensional
10 gradient of the potential with respect to the node positions.
Like SwapStep, DescendStep takes an argument which specifies a
number of steps. The main loop of the routine executes as many times as specified
in the argument. The first step in the computation is to work through node list 203.
For each node data item 403, DescendStep calculates the node partial derivative for
15 the x and y positions of the node. The node partial derivative for the x position is _
stored in the zx element 717 for the node and the node partial derivative for the y
position in the xy element 721 for the node. The node partial derivative is computed
from the link partial derivatives for the links specified in the node’s node link list
423. Each x link partial derivative is computed as follows:

weight * (length * weight —1) * (fromX - t0X)
length

where weight is the value of weight field 433 in link data 427 for the link, length is
the value of length field 435, fromX is the XPOS 405 for the node specified by
Fromidx 429, and toX is the XPOS 405 for the node specified by Toidx 431. The y
link partial derivative is computed in the same way, except that fromX and toX are

25 replaced by their equivalents, fromY and toY. The link partial derivative for x is
computed from the node partial derivatives for x by adding x link partial derivatives
for links for which the node is the from node to a sum and subtracting the x link
partial derivatives for the other links from the sum. The same is done with y link
partial derivatives to compute the x node partial derivative.

30 . Next, DescendStep normalizes the gradient for the entire graph. The

- gradient determines the direction in which all of the nodes in the graph will be
moved and we require that the vector size of the gradient

be unity. We do this by computing for each node the sum of the square of the x node
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* the Size slot is for a statistic which will determne the sizes of the
nodes; * the Color slot is for a statt®c which determ nes the col ors of
the nodes; the Shape slot is for a list of values which determ ne the
shapes of the nodes. The values in the list nust correspond to the types of
shapes available for the nodes; the Mask slot is for a list of values which
masks certalpanmidenﬁtlvemdnhujmamdfthm nodel partial devivativerasdsdiiing fogethet ue in

he | | S t | ot
L el 9 0 ey o 6
To appl y thé.'POtrﬁfs'rkattSBmg r%@@ﬁﬁ nyaagu)gf thelctemmo S andezy\kiOdre then

"sel ection" diviaed biagngqﬁ rihaRdind thel k slot. Link control portion

t th |t 0 Sl Col or, Mask, and
321 is si rg1 lar, exceﬁ %etermmeg tlYe duecnonem whxc% the nodes are to be moved,

DescendStep next computes the distance they are to be moved. If the last distance (a
global variable descDisp) was greater than 0, a variable a3 is set to 1; The distance
contained in a3 is then used to "move" the nodes by recomputing their the x and y
positions. The recomputation for the x position is done by adding the current value

10 of XPOS 405 for the node to the product of the distance and the value of the element
717 for the node in zx 715; the recomputation for the y position proceeds
analogously. When the recomputation has been done for all the nodes, the graph
potential is computed; thereupon, the nodes are "moved" back to their original
positions. The graph potential is returned and assigned to a variable which we will

- 15 call g3.

The value of g3 is then compared with the value of a variable called gl,
which is set from the global variable descPotr, which contains the graph potential
produced by the last iteration (or the initial graph potential in the case of the first
iteration). If g3 > g1, the value of a3 is reduced, the nodes moved, and the current

20 graph potential recomputed as described above in iterations until the current graph
potential is less than or equal to the last graph potential. The displacement distance
is then divided by 2 again and assigned to a variable 2. a2 is then used as
described above to move nodes and compute the graph potential. The resulting
graph potential is assigned to the variable g2.

25 At this point, g1, g2, g3, a2, a3, and a variable a1 with the value 0
are used to compute a final displacement distance a0. If we consider the potential to
be a function of the distance we move the nodes in the gradient direction, we have
three sample points, since we have calculated that moving a1 gives potential g1,
moving a2 gives potential g2 and moving a3 gives potential g3. We fit a cubic

30 polynomial to these data points and solve for the lowest potential under the
polynomial model. We do this by the formulas

hl = (g2-gl)/(a2-al);
h2 = (g3-g2)/(a3-a2);
'h3 = (h2-hl)/(a3-al); _
35 _ a0 = 0.5*(al + a2 - hl/h3);
This Sheet Has Been Repl ) -. .
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Sel ection slots. The statistics in these slots control those aspects of the
links in the sane fashion as descri bed2bbove for node control portion 319.
“Size" with regard to links specifies the width of the link 307 in graph

di splay 303. Continuing with other features of control panel 317, the
nunbers in parentheses at the top of node control 319 and link control 321

I gcei: c 2: ?OL hewln@h%i\;eﬁ %Pﬁ@fstaﬁ%% L0Nko @mgﬁ@seh s%awwove Asled Hﬂ@f@(ﬁmf)tgb |ﬂﬁ:}M ng

cat e upber odes S ,.Spec or |s ay in
the rel evant® ﬁ&%? P%ﬂ’l 8%&%’&8@&"’5&% ‘8" %199 s %lhe
nunber of noaiesompaﬂedmdxeadhaomg' aidthe bopeedt valadiiststored inl the gtubahwiabl%

COMPAr[S0n ek B> THBUINGS S0 s DBIBHINEIS o aibtificd ORI oROEORAND 310 o

321 indicates Ion o ers 0des 0 are
currently wutbisupwestrpogmqah Einally,dhe gaph 1Slmwd 1gthe mwwcsg@n@aﬂu;s the node

and link sigz el evant "Si | ot
- e m. X %)?h@ﬁl?iécb u%?ifff)ii'%?g?ﬁgtﬂsfd%ﬁs v i ze" slots.

By reduci ng t nod e user can decrease clutter,
and once the user 'has zooned in on an area of interest, he can increase the

size of the nodexp@s |+ AkeDisp ®'8FN to better appreci ate the differences

where zx{i] is the element in zx 7 15 for the node. YPOS 405 is recomputed
~ analogously. Length values 435 in the links are then recomputed in the manner
10 previously described to agree with the new position of the node. The final values of
~ descDisp and descPot are then used as described above in the next iteration.

In a preferred embodiment, the user employs the previously-described
pop-up menu to select SwapStep or DescendStep and the number of iterations to be
performed by each technique. In the preferred embodiment, the user may choose

15 values of 10,000 and 5,000,000 iterations for SwapStep and 10 and 1000 iterations
for DescendStep. The larger numbers of iterations of course require more time than
the smaller numbers and are intended for use when the user wishes the display to
show finer distinctions. In géneral, it is presumed that the user will first use
SwapStep and then DescendStep, and in other embodiments, a single "rearrange”

20 command might perform the operations in that order.

' When one of the techniques has been selected and the nodes have been
"moved", graph display 303 is redrawn using the information in node data 403 and
link data 427 for each of the nodes. First, those links which linkSel 711 indicates
should appear are drawn in the order specified in byStr 703; then those nodes which

25 nodeSel 707 indicates should appear are drawn in the order in which they appear in
node list 203.

Other Applications of the Display Technigu

The display technique disclosed herein for display graph 303 may be
used in any situation where data may be expressed in terms of nodes and links

30 specifying relationships between the nodes. Other examples of its application
include the analysis of communications patternsin an E mail network, the analysis
of how changes in the files and modules of a large software product relate to changes
in other files and modules, and the analysis of relationships between products bought
in supermarkets.

—_—
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in the statistics encoded by size. Col'df scale button 331 allows the user
to choose other color scales than the rainbow, in a preferred enbodinent, a
gray scale is also available. Wen "Directed" button 331 is selected, links
307 are displayed as thin isosceles. triangles, with the broad end of the
link at the Gondlusiomnd the narrow end at the destl natlon The position,

print, and fit butto ' | ' bQn: quit
button 335 siI llléht em 2@1‘?@@?&% %‘{“pg‘% =N progrw In

ot her enbodiskd e andovato B useracsystém in which nsmgmphmal/\dxsplaysuch
an enbodi ne re{aﬁﬁﬁ nfsct , and
the tinme co%ero %ea ﬁ%ﬁ&e%ﬁ@?ﬁ%#ﬁ?f%ﬁh&ﬂm%h set fggo sta I'stics are
speci fied? {dashign owith moge sig %%ﬁ?ﬂgéﬂim toRacihother appeasingroups cs he
w shes to hwﬁcmﬁteammg SePfraleBinQhe BiRP Rodlss mﬁibugﬂfihe e:aeoaﬁnehhe user

sel ects sets,, stlc for nore than one tine graph di splay. W|ndow
303 appearsdﬁ‘f'ﬁ séé bestpresently kagwnitathe invertors; it willhe imm

see how the ag pareAcio tﬂésésmm&heﬁﬁ%ﬂ%%t&ﬂﬂs%idﬂéﬁhg e micvmﬁlhsoﬂn&' ties
represent ed DY diqifosed erein xrilmty%e ifh) ?fmentedmmany ways. |
10 In particular, the control windows may take different forms, as may the
manner in which the statistics are represented in files and the manner in which the
graph is represented in memory. In some embodiments, there may be no need to
assign statistics to nodes or links, to display histogram windows, or to mask nodes
or links. Further, some embodiments may show relationships purely by means of
15 location, and may not vary the size, shape, or color of nodes or links. Finally, the
graph may be rearranged to the same effect as in the preferred embodiment by means
of rearrangement algorithms different from those disclosed herein.

—_—
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| ementation of a Preferred Enbodi nent The fol |l ow ng
d| scusm@’ﬂ ”’”E&I ’l!mu d inplementat®bn will first explore the data
structur Ent di splay graph 303, will then explain how the -
appear ance of the nodes' and links is established, and will finally show how

the nodes are positioned in accordance with the significance of their
rel ati onshi pElalmsh ot her nodes. Representing Di spl ay Graph 303 FI G 4 FIG

303 in a preferred dnisRAan O Semeibe iiomtnibn uith S5edhes elaibndlad e
node data 40®twesn entities imaldisplay ina campteayysgmpme aﬂshratudcdampdisxdgct a 427 for
each |in ?4‘2’874' N di s gh adeadh MR disflay Forafidpidyifys Blurdtie) br SR rdtBseniEonges
eac e%mty representation corresponding to one of the entities; and
means responsive to the information for arranging entity representations
of entities whose relationships with each other are more significant than their

relationships with others of the entity representations into groups in the area which
are set visually apart from the others of the entity representations.

Thls Sheet
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the itens of node data 403 with which the link represented. by |link data 426 .
connects, and each item of node data 4@8- includes a pointer (413) to a node
Fink I'ist 423 of link indexes 425 which permt |ocation of the itens of

i nk data 427 which represent |inks which begin or end at the node. Thus,
link data 427(i) in FIG 4 represents the |ink which connects the node

represented by node dam&ﬁﬁmnmrspmwpw iGN by node data
403(n). Contéﬁﬂ in nmore detail, each itemo ata 403 has the

follow ng fi PCS 405 and Y POS 407: These fields specify the :
| INgc a}_ i OE of4 Apmramd for36vidingrdispiaysdn Wlﬁclﬂlhé @odiﬁbl% ﬁQﬁ)dlbf‘gttdd %ﬂ ﬁly%lrﬂﬁ%ge?’o&
Vot ot ettt 69 dBR H8E obhibusl o bbb e b s
currently 3 nThﬁiG@lmlqwusedm log2;the nedestppeducesi roups of nudes with sighifiede | i nk
st 423 40rgﬁh6hslﬁﬂ§w%ﬁ@ﬁ b Whichré S Yisully hfkr R0HTnE Ohef S84S5 THE ST DY

relationships between the nodes are defined by using a statistic to give weights to

links between the nodes. Statistics may also be used to determine the size, shape,

and color of the nodes and the color and width of the links. The display may also

10 include histograms which show the numbers of links or nodes which have given

values of the statistics and which relate the colors in which the nodes and links are

displayed to values of the statistics. The histograms may further be used to

interactively define masks for links and nodes, and masked links and nodes are not

taken into account in making the display.
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A hei ght 417 specifies the height of the node 305; * width 419 specifies
tthe wi dth of the node 305; . type 421 specifies how the node is to be

'di splayed. In the preferred enbodi nent, the val ues of color 415, height
417, and width 419 may all be derived fromAtatistics relating to the
entity represented by node 305. There are four display types in the

preferred enbodi nent: oval, oval vmtgF&I der, jrectangul ar, and
rect angul ar W|th a border. How a nod pl ayltype is determined will be

expl ai ned | at Jbg_ilglds of link data 427 are the follow ng: . From dx
429, an |nde de—rat" 14E1The node at which the |ink 307
repr esent ed | a Lhgithates; . Toidx 431, an index to node data
403 for the n jeﬁ%ﬁ?ﬁgﬁch'ﬁﬁgﬂhbﬁbnso7 108
ATA ' |
! 19 | 125
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represented by link data 427 term nates; . weight 433, a statistic for the
Il nk which indicates the significance of the relationship represented by
tthe Iink and which thus determ nes the position of nodes connected by the
link relative to other nodes in display; *.length 435; the current length
of link 307 represented by |ink data 427-&“ color 437, the color of the
node; in the preferred enbodi nent, the color is based on the statistic used
for weight 433; and wi dth 439, the current width of Iink 307. As can be
seen fromthe foregoing, graph data 401 contains all of the information
required to draw di splay graph 303; what will be disclosed in the follow ng
is the manner in which the fields receive their values and the manner in
whi ch graph 303 is drawn from graph data 401. File Data for- Graph Displ ay
303 The data used to generate graph display 303 is contained in a set of
files. F|g 5 shows set of files;501 and the individual files which are its
menbers. The first wJ

305

303
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1
»
307
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two files are graph files 502, which specify the nodes and I|

di splay 303. Node file 503 is S|rrply a list of node |dent|f|er “Relac ’
for each node 305 to be displayed in graph display 303. In a p Ill, "'
enbodi ment, there is a unique node identigjger for each node 30

node identifiers e Sote ito an ordered list. The secondflle in
graph files 502 |SIINQBE BNTAdOS( Ji it is alist Mk engries 509, one for
each link in graphigrspt ach |ink entrFSE ont s two node
identifiers 511; oh f@&“lﬁentrfer_‘mm D) 511 , identifies the node 305
which is the sourcel ofYipgs 407nk |fepresefgted by link entry 509; the other,
to identifier (TAL ' ulestha node 305 which is the destination

of the |ink. - 1Pk IN'L( arestlics to e associGRAPH DATA 0t he nodes and
links are contained iNO N BISTHIi s fil es]516; there nay be any nunber of

e D

& A—

thes_e files; names![of u’stGPTEIVﬁSI bl e
[ coLor 415
| HEIGHT 417 |, ———
WIDTR 419 | LINK DATA 427(i)|
dTeE | FROM 1DX 429 |1
—- T0 IDX 431 -|—— 403(n)
T o|  WEIGHT 433 |, }
LENGTH 435 .I._ 423(n)
4B \[COLOR 437 |
LINK 10X 425(0) — T T 43

' [TUNK 10X 425(1) |
R
{

LINK 10X #25(n)

SHORT 655 o 64 . BI5—EEm =620
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& . o
il es appear in variables portion 323 of control wi ndow 317. \Wen a

Statistics file 516 contains statistics associated with rAbi SgtHaEBéﬁﬁR@m&gcpe
gtatistic file 515. Such files have one entry 517 for e‘acj g&mmm!] ’

graph display 303. The entry for a given node 305 contain _ g"the
statistic for the given node and has the $44re position in node s | k

file 515 as the node I D 505 for the given node has in node file 503. Wen a
statistics file 516 contains statistics associated with links, it is a link
~statistic file 519; again, there is an entry 521 with_a _value for the

statistic for each link and the entry 521 for a given |ifkrias the Sanmg—
position in link statistic file 519 as entry 509 foritheggn l'i nk hagzp
link file 507. There may al so be any nunber of displ gsmzﬁication fiEés'
531. These filed may specify the shapes of nodes BOSTl d™MHY led-se-~defipes
masks. Files in the later category are terned fil es. ,iﬁvcgi &l ay a
specificationfiles B3] are shown in FI.G_5; one of {henf=[fxe nmask filg| |
523, contains{faQfeqtry 521 for evegryjnodel|yisted in oni_'__ 503; the
entry contai nggfgvalue 0 if the @figsisihat to be displayed and 17T 1T
is to be displ|§eg| Again, the entﬁ &4 ®@ven nodeoc - es—the- SaRB- —
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]he node identifier for the given file occﬂﬁﬁg% i A%
‘ Pl node shape file 527, is structured the sanme way
i | ntry 529 in node shape file 527 for a given node
ciat es the display type of the node. In the preferred

t fpur display types, and entries 529 nust contain

‘M. Link mask filest(not shown) work the sane way as
1 pt} that there is an entry for each link inlink file
NEﬂDT§f11§ A tructures for D's h 303: FIGs. 2 and 7 The data
structures for display gr&hF 181%%71' a&%é@?ﬁp%rﬁﬁv 115 as graph
lists 201. Graph lists 201 are part of graph data 119. The first.of these

data structures i-s node list 203, Whl ch |s a |ISt oE-"'nQel ""‘ié:ta 8¥ i‘*ﬁu‘é% ure%}

i st 203; simlarly, link list 207 is a list of Ilmk da.a stf tauP?e&pé@d T
and |ink count 209 indicates the number of |inks A 4 7% Thpagednilc

i ndexes 425 ing ohﬁ@bf{ﬂesmv@gﬁo@re i ndexes ofi I‘ynk data 49, gddnad t KadddsE..
207; simlarly; x431|nI|rik ‘data 427 7°° :
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The invention relates generally to the graphical display of information
and more particularly to the graphicél display of information which can be
represented as a graph consisting of nodes and edges.

Description of the Prior Art '

Graphs made up of nodes and edges have long been used to represent
entities and a relationship between them. For example, a telephone call from a caller
to a callee may be represented by two nodes, one representing the caller and the
other the callee, and an edge which connects the nodes and represents the call.

With the advent of digital computer systems with sufficient power to
drive large high-resolution displays, graphs began to be used to visually represent
information accessible to the computer system on displays. Moreover, users of the
computer systems could use input devices such as a mouse or a keyboard to interact
with the displayed graphs. In many cases, the input device could move a pointer in
the display, and the interaction with the graphs depended on the location of the
pointer in the display. .

One example of an interactive display system which employs graphs is
the system disclosed in U.S. Patent 5,136,690, Becker et al., Dynamic Graphical
Analysis of Network Data, issued August 4, 1992. FIG. 6 herein is FIG. 2 of that
patent. As shown in FIG. 6, the display of that system has a map 600 of the
continental United States upon which nodes are displayed which represent AT&T’s
switching centers. The edges connecting the nodes represent various statistics
concerning the flow of traffic between the nodes. In FIG. 6, edge 603 can be seen
connecting nodes 601 and 602. The edges in the figure represent blocked calls
between the nodes. FIG. 6 shows blocked calls immediately after a serious
earthquake in California.

As is immediately apparent from FIG. 6, a major problem of displays
like those of FIG. 6 is clutter, that is, the tendency of the display to become

. unreadable as the amount of data it displays increases. Thus, in FIG. 6, the sheer
ﬂ * volume of blocked calls results in so many edges 603 in the display that large
&5 "




are i dafh 403 in node |ist 203. The node data 403 in node
["1. st IthREACE d O’Ider as the nodes in node file 503, and the |ink

data fn llﬁé[“b t 203 has the sane order as the links in link file 507.

-13- r a given node is related to the node identifier 505
for t1e gi.wen _node byl means of Nodel D | |§t 211 and byl D |ist 215.  Nodel D

list P11 is sinply aI_Jst of node IDs 505 fromnode file 503 for the graph
cur r entty~petng-di-splayed. The node IDs are in the same order as they are

in node file 503 and as the node data 403 is in node list 203. BylD list
1 and node |ist 203. There is

an i ndex for GORIPOGLE LRl HE Hdes.and ThdivicHu Sdges cuamet b s gBisbpcs ho
sorted order aﬁfnothee emuplemwm sameq)rableiﬁrmay befound in'Michdey FaSdhwiitziang cal | ed
Fi ndNode whi Clibgyfd€ M waBH > Dil&Vblihs SharB Tk S5 u0%g \A%pn AUSHsRF, 1€ Node in

Communications of the ACM, Vol. 36, no. 8, August 1993, pp. 78-89. See in

particular Fig. 3. '

To deal with the problem of clutter, Becker’s system includes controls

which pérmit the user to interactively modify the display to reduce clutter. The

controls are operated by using a pointing device such as a mouse to move a pointer

640 in the display to the control and then using a button on the mouse to specify an

action.

The first of these controls is slider 606, which the user can employ to
reduce clutter by interactively increasing or decreasing the portions of edges 603
which are actually displayed. At the "short" extreme, no edges 603 are shown; at the
"long" extreme, the entire length of each edge 603 is shown. At intermediate
positions, a part of the middle portion of each edge is not shown, with the amount
not shown being proportional to the position of the slider.

Slider 610 relates data values to colors and also permits the user to
reduce clutter by interactively establishing display thresholds. Slider 610 is divided
into different-colored areas (area 651, for example), each one of which represents a
range of the values represented by the edges. Edges representing values which fall
within a color’s range are displayed in that color. The user may interactively define
an upper threshold, a lower threshold, or both in slider 610. Only those edges 603
are displayed whose values lie below the upper threshold (if there is one) and above
the lower threshold (if there is one).

' Users may further reduce clutter by deactivating nodes. This is done by
using the mouse to move the pointer to a node and then depressing a button on the
mouse. The node is displayed in a different color and the edges connecting the node
to the other nodes are not displayed. The user may reactivate an inactive node in the
same fashion.

Buttons in the lower right-hand comer of FIG. 6, finally, permit the user
to "zoom" into or out of an area of the display, to extend an edge 603 which is not
being completely displayed, and to toggle between a display of the presently-active
nodes and a display of the presently-inactive nodes.



(EM '\‘ﬂ'a% ’Ihode list 203. Constructing Lists 201 In a preferred
enbddifment, graph %splay code 121 which produces display 301 is invoked

usi 4g {a (1,8rNﬁihq9gl ing like this: <prog_.name> <options> <node file> <link -
file>i<data file |i§t> The node file argunment specifies node file 503, the
link file argumemt—=Specifies link file.307, and the data files argunent
speéifdes.a |ist of statistics files 516 and di spl ay specification files
531. The options I'na preferred enbodi nent include options specifying

whet her graphic display 303 and histogram 313 are to be displayed using a

rai nbow rangeg of thelInvenbRy scal e range and an optlon specifying a
file of node'p'g"m"-'{gr?%'nr#’#e—% [Ter option is_used to si y redisplay a
previ ousl y- constr uct e¥hiledhe techpigues disclesed in éﬁckﬁrﬁrﬁh@é{gﬁmmﬂfdﬂéﬁmﬁon
graph di spl amemfau dbaiouaadkssa&nemmaﬁieﬁmleﬁsaafuﬁtcﬂm&hﬁe%éi%é for the

wi ndows of di Sifs) n%% e%%%ontlshx?odes %89%0 sthrcl)% gceographxc location fixes them in the
display, and consequently, the nodes 601 cannot be rearranged to reduce either the
lengths of the edges 603 or the number of other edges 603 which a given edge
crosses. It is an object of the present invention to provide a fundamental solution to
this problem and thereby to improve the display of graphs.

The invention solves the problem of clutter and increases the clarity of
the information displayed in the graph by arranging the nodes of the graph in such
fashion that nodes which have more significant relationships with each other than
with other nodes are placed in groups in which the density of nodes in the area
within a group is higher than the density of nodes in the area around the group. The
nodes in the groups are thus visually set apart from other nodes in the area around
the group. Additionally, the groups are arranged such that the groups whose nodes
have the most significant relationships appear near the center of the area. Thus, if
FIG. 6 were displayed according to the principles of the invention, the locations of
the nodes would not be fixed by map 600 (and consequently there would be no map
600) and the nodes representing the east coast switches would be in groups at the
center of the display.

In graphs displayed accordmg to the principles of the invention,
relationships between nodes which would otherwise be hidden become immediately
apparent. The invention is thus particularly value in situations where the user of the
display wishes to analyze the data from which the display is generated. The
invention may be'applied in any situation in which information can be represented as
a graph and relationships between nodes in the graph can be represented by having
the edges represent values of statistics. Among the applications are the display and
analysis of calls made through a given local switch, the display and analysis of
relationships between files and modules in a large program, and the display and
analysis of communications within an organization.

The foregoing and other objects and advantages of the invention will be
apparent to one skilled in the art who peruses the following Drawing and Detailed
Description, wherein:
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are read into FIG. 2 is a drawing of further data structures which represent the graph;
FIG. 3 is drawing of a display produced according to the principles of
the invention; :
FIG. 4 is a drawing of a data structure which represents the graph in a
preferred embodiment;

FIG. 5 is a drawing of the files used in a preferred embodiment;

FIG. 6 is a drawing of a prior-art display; and

FIG. 7 is a drawing of data structures which affect the display of the
graph.

The reference numbers employed in the Drawing and the Detailed
Description have three or more digits. The two least significant digits are a number
within a figure; the remaining digits are the figure number. Thus, the element with
the reference number "305" is first shown in FIG. 3. |

Detailed Description

The following Detailed Description will first present an overview of the
computer system in which a preferred embodiment is implemented, will then discuss
a display produced by the preferred embodiment in detail, and will finally describe
details of the preferred embodiment.

The Computer System of tlte Preferred Embodiment: FIG. 1

A preferred embodiment is implemented in a computer system with
graphics display capability. FIG. 1 shows such a computer system. Computer
system 110 includes system chassis 112, display device 109, and input devices 113
and 114. System chassis 112 includes memory 115, a processor, and a medium such
as a disk drive for storing files. The processor generates a display on screen 111 of
display device 109 by executing a program stored in memory 115; the program
further uses data stored in memory 115. If the program is interactive, its execution is
controlled by inputs from interactive input devices 113 and 114. Input device 113 is
a keyboard which includes keys for inputting alphanumeric characters and keys for
moving pointer 640 in screen 111. Input device 114 is a mouse with three buttons,
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Window Data, which is the data used by the code. What displays X window code

127 produces and how X window code 127 responds to inputs from input devices

113 and 114 is determined by graph display program 117. Graph display program
117 includes a graph display code 121, which calls routines in X Window code 127
and in turn contains routines which are themselves executed by X Window code 127,
and graph data 119, which contains the data from which graph display code 121
obtains the information which it provides to X Window 123 to produce a display of

; the graph on screen 111.

In the preferred embodiment, system 110 is an Iris Indigo manufactured
by Silicon Graphics, Inc. The Iris Indigo includes a 50 MHZ IP 20 processor, which
also contains a MIPS R4010 floating point chip and a MIPS R4000 CPU chip. The
Iris Indigo further includes an LG1 graphics board and 32 Mbytes of main memory.
A Display Embodying the Invention: FIG. 3

FIG. 3 shows a display 301 embodying the invention. The display
appears on screen 111 of computer system 110 and is controlled by inputs from
mouse 114 and keyboard 113. Display 301 is displéying information about
telephone calls made through a local switch during a period of time. The information
is represented as a graph in which the nodes in the graph represent telephone
numbers and the edges represent telephone calls between the nodes. Both the nodes
and the edges may be associated with various statistics about the traffic through the
switch. For example, each edge may be associated with a statistic indicating the
number of calls made between the nodes connected by the edge during the period of
time in question and each node may be associated with a statistic indicating the total
number of calls made by the node.

Display 301 has three major componehts, graph display 303, which
displays part or all of the graph which represents the information, and control
windows 311 and 317, which control the display of graph 303. All three components
are implemented in a preferred embodiment as windows provided by the X Window
System.
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In accordance with the invention, the locations of the nodes 305 in graph
display 303 are determined by the values of the statistic associated with the links
connecting the nodes to other nodes; the more significant the values connecting a set
of nodes to each other are, the closer the nodes in the set will be to each other and the
closer they will be to the center of the graph. Further, the nodes in a cluster will be
closer to each other and will thus be more "dense” than the nodes in the area
surrounding the cluster. The clusters will thus appear to the user to be visually set
apart from the other nodes. Cluster 309 is a large example of such a cluster; other
smaller examples may be seen in graph display 303.

A user of display 301 can control graph display 303 by means of mouse
114 and control panels 311 and 317. In the preferred embodiment, the user can
employ mouse 114 to alter the relationship between graph display 303 and the
window in which it is being displayed. When the user employs mouse 114 to move
pointer 640 to a position in graph display 303 and presses middle mouse button
114pb, the result is a "zoom" into the part of graph display 303 which is centered on
the pointer. To do a "zoom" out, the user simultaneously presses middle mouse
button 114b and a shift key on keyboard 113. Finally, if pointer 640 is in graph
display 303 and the user presses right mouse button 114c, a "pop-up" menu appears.
The menu permits the user to select a variety of computations which rearrange the
graph so that nodes with significant relationships are grouped together.

Histogram Window 311

Control window 311 is a histogram window. Such windows relate
colors used in graph display 303 to values of statistics and are also used to control
the display of nodes 305 and links 307 in graph display 303. A histogram window
311 may be displayed in display 301 for each of the statistics which is presently
associated with the links and nodes in graph display 303. The horizontal axis of
histogram 313 represents the range of values in the statistic; the vertical axis
represents the number of nodes or links which have a given value. In the preferred
embodiment, the range of values may be associated with a range of colors. In FIG.
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histogram window 311 for the statxsuc determines the color in which the node or link
will be displayed in graph display 303.

Histogram window 311 further may be used to define a mask which
determines which nodes or links are used to make graph display 303. When a user
presses left mouse button 14a and moves pointer 640 across histogram 313, the
nodes or links whose statistic values lie in the section of histogram 313 across which
the pointer moves are "turned on" in the mask, i.e., if the mask is used to control
graph display 303, those nodes or links are part of graph display 303; if the user
does the same but presses middle mouse button 14(b), the nodes or links whose
statistic values lie in the section of histogram 313 across which the pointer moves are
"turned off” in the mask, i.e., when the mask is used, the nodes or links are not part
of graph display 303. When a node or link is "turned off™, it plays no part whatever
in the construction of graph display 303. There is no limitation on the number of
areas of histogram 313 which are "turned on" or "turned off". Histogram window
311 is thus an example of a data selector of the type disclosed in Stephen G. Eick,
"Data Visualization Sliders”, submitted to ACM Transactions on Computer-Human
Interaction

Slider 315 in histogram window 311 controls a smoothing function
which smooths the histogram according to a kernel density smoothing function. See
B.W. Silverman, Density Estimation for Statistics and Data Analysis, Chapman and
Hall, New York, NY, 1990. The slider is operated by moving pointer 640 to slider
315 and moving pointer 640 while depressing left mouse button 114a. As slider 315
is moved up, the amount of smoothing increases. Slider 315 and histogram 313 can
be used together to locate and study interesting groups of nodes or links. First, slider
315 is used to decrease smoothing until interesting irregularities in histogram 313
become visible; then the mouse is used in histogram 313 as described above to make
a mask which "turns off™ all nodes or links but those whose statistic values are in the
interesting areas in histogram 313.

There may be a number of histogram windows 311 simultaneously
visible in display 301. If more than one of the histogram windows 311 controls the
display of either the nodes 305 or the links 307, then the mask most recently defined
for one of the histogram windows 311 applies to all of the other histogram windows
311 for the nodes or the links. Since that is the case, the histograms 313 in the other
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influence the size and shape of links 305 and nodes 307. Control panel 317 has three
main parts: a node control portion 319 for controlling nodes, a link control portion
321 for controlling links, and a statistics list portion 323 which indicates the
statistics available to control the nodes and links.

Beginning with statistics list portion 323, portion 323 specifies the
names of statistics for nodes and links as well as names of lists of values which
provide global masks specifying which nodes and links are to be displayed and lists
of values which specify the shapes of the nodes. The statistics and lists for nodes
specify a value for each node, while those for links specify a value for each link. If
a name specifies a statistic, the user can make histogram window 311 for the statistic

- by moving pointei' 640 to the name of the statistic in statistics list portion 323 and
pressing right mouse button 14¢. Histogram window 311 for the statistic will
thereupon appear in display 301. Statistics and lists are related to nodes and links by
using mouse 114 with left button 14a depressed to drag the name of a statistic or list
to a slot in either link control portion 321 or node control portion 319. The aspect of
the link or node controlled by the slot is then based on the values in the statistic or
list specified by the name.

Continuing with node control portion 319, the portion has five slots in a
preferred embodiment:

o the Size slot is for a statistic which will determine the sizes of the nodes;
o the Color slot is for a statistic which determines the colors of the nodes;

o the Shape slot is for a list of values which determine the shapes of the nodes.
The values in the list must correspond to the types of shapes available for the
nodes;

o the Mask slot is for a list of values which masks certain ones of the nodes; if the
node is to be masked, its value in the list will be 0; otherwise, it will be 1; and
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Selection slots. The statistics in these slots control those aspects of the links in the
same fashion as described above for node control portion 319. "Size" with regard to
links specifies the width of the link 307 in graph display 303.

Continuing with other features of control panel 317, the numbers in
parentheses at the top of node control 319 and link control 321 indicate the total
number of links being displayed; the number following "Selection” indicate the
number of nodes or links specified for display in the relevant histogram 313, and the
number following "mask” indicates the number of nodes or links being displayed
with the relevant mask. A comparison of these numbers with the numbers at the top
of portions 319 or 321 indicates what proportion of the total numbers of nodes or
links are currently visible in graph display 303.

Sliders 325 and 329 scale the node and link sizes established by the
statistics in the relevant "Size" slots. By reducing the size of the nodes or links, the
user can decrease clutter, and once the user has zoomed in on an area of interest, he
can increase the size of the nodes or links in order to better appreciate the differences
in the statistics encoded by size. Color scale button 331 allows the user to choose
other color scales than'the rainbow; in a preferred embodiment, a gray scale is also
available. When "Directed” button 331 is selected, links 307 are displayed as thin
isosceles triangles, with the broad end of the link at the source and the narrow end at
the destination. The position, print, and fit buttons are of no interest for the present

- discussion; quit button 335 simply terminates execution of graph display program
117.

In other embodiments, display 301 may include a time control window.
In such an embodiment, there are sets of statistics taken at different times, and the
time control window includes a slider upon which sets of statistics are specified.

- Using the slider, the user can select which set of statistics he wishes to have o
determine the form of graph display 303, and if the user selects sets of statistics for
more than one time, a graph display window 303 appears for each one of the selected
times. The user can thus easily see how the passage of time has affected
relationships between the entities represented by the nodes in the graph.
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nodes are positioned in accordance with the significance of their relationships with
other nodes.
Representing Display Graph 303: FIG. 4

FIG. 4 shows graph data 401, the data structure which represents display
graph 303 in a preferred embodiment. The main components of graph data 401 are
node data 403 for each node 305 in display graph 303 and link data 427 for each link
307 in display graph 303. Each item of link data 426 includes indexes (429,431) to
the items of node data 403 with which the link represented by link data 426
connects, and each item of node data 403 includes a pointer (413) to a node link list
423 of link indexes 425 which permit location of the items of link data 427 which
represent links which begin or end at the node. Thus, link data 427(i) in FIG. 4

represents the link which connects the node represented by node data 403(a) with the

node represented by node data 403(n).
Continuing in more detail, each item of node data 403 has the following
fields:

¢ X POS 405 and Y POS 407: These fields specify the location of the node 305
represented by node data 403 in display graph 303;

» No. Links 409 indicates the current size of node link list 423 for node data 403;

e No. in List 411 indicates the number of link pointers 425 currently in node link
list 423; ' -

o Listptr 413 is a pointer to node link list 423;

color 415 specifies the color of the node 305 represented by node data 403;

height 417 specifies the height of the node 305;

width 419 specifies the width of the node 305;

type 421 specifies how the node is to be displayed.

In the preferred embodiment, the values of color 415, height 417, and width 419 may
all be derived from statistics relating to the entity represented by node 305. There



wher e (REPEACEMENGTSBEMIdd |ink Iength, wij is the weight of the Iink. The
obviouiﬂtlg dradate~for=gud¢h a pl acement algorithmis the statistiﬁa: 15

t échni fuk Gl sifonal scaling, or MDS, disclosed in Kruskal, J.B.,

and W zh W% ngngi onal Scaling, Sage Publications, -Newbury Park,

CA G JEHWQLII<Si mlarities,-flerr]ij, this nethod fits positions

to the]inodes that mnlmhe[err](dj--j )2. Setting [err] would give a

| ayout t to satisfy the above relationship. Unfortunately

this does work well for two reasons. The practical reason is that the
met hod r equi rz&sfmir&hspmm b<Cifl thd kf&rea%hmomrﬁémdém'dvalﬁfmfa'b% eri ch can

b f ack e seen by considering
the quanti ty PEpRlR S o G, P podele dilay fyReds Jeearioed o
unity (as reqmllr@hxplabn&dlatm mnimzation is weighted by [err] with the

result that small "”"i‘ﬁeﬁ@fﬂ? Pﬂ“iﬁééhﬁzg%r‘ﬂﬁg‘{qf%ﬂ nportance relative to

| arge ones - exactly the reverse 0

* Fromidx 429, an index of node data 403 for the node at which the link 307 _
represented by link data 427 originates;

o Toidx 431, an index to node data 403 for the node at which the link 307
represented by link data 427 terminates;

* weight 433, a statistic for the link which indicates the significance of the
relationship represented by the link and which thus determines the position of
nodes connected by the link relative to other nodes in display;

e length 435;. the current length of link 307 represented by link data 427;

» color 437, the color of the node; in the preferred embodiment, the color is based
on the statistic used for weight 433; and

o width 439, the current width of link 307.

As can be seen from the foregoing, graph data 401 contains all of the information
required to draw display graph 303; what will be disclosed in the following is the
manner in which the fiélds receive their values and the manner in which graph 303 is
drawn from graph data 401.
File Data for Graph Display 303

The data used to generate graph display 303 is contained in a set of files.
Fig. 5 shows set of files 501 and the individual files which are its members. The first
two files are graph files 502, which specify the nodes and links in graph display 303.
Node file 503 is simply a list of node identifiers 505, one for each node 305 to be
displayed in graph display 303. In a preferred embodiment, there is a unique node
identifier for each node 305 and the node identifiers may be sorted into an ordered
list. The second file in graph files 502 is link file 507; it is a list of link entries 509,
one for each link in graph display 303. Each link entry 509 contains two node
identifiers 511; one, from identifier (FRID) 511, identifies the node 305 which is the
source of the link represented by link entry 509; the other, to identifier (TOID) 513,
identifies the node 305 which is the destination of the link.
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516 contains statistics associated with nodes, it is a node statistic file 515. Such

'~ files have one entry 517 for each node 305 in graph display 303. The entry fora

given node 305 contains the value of the statistic for the given node and has the same
position in node statistic file 515 as the node ID 505 for the given node has in node
file 503. When a statistics file 516 contains statistics associated with links, it is a
link statistic file 519; again, there is an entry 521 with a value for the statistic for
each link and the entry 521 for a given link has the same position in link statistic file
519 as entry 509 for the given link has in link file 507.

There may also be any number of display specification files 531. These
filed may specify the shapes of nodes 305 and may also define masks. Files in the
later category are termed files. Two display specification files 531 are shown in FIG.
5; one of them, node mask file 523, contains an entry 521 for every node listed in
node file 503; the entry contains the value 0 if the node is not to be displayed and 1 if

. itis to be displayed. Again, the entry for a given node occupies the same position in

node mask file 523 as the node identifier for the given file occupies in node file 503.
The other, node shape file 527, is structured the same way as node mask file 523.
Entry 529 in node shape file 527 for a given node has a value which indicates the
display type of the node. In the preferred embodiment, there are four display types,
and entries 529 must contain integers between 1 and 4. Link mask files (not shown)
work the same way as node mask files, except that there is an entry for each link in
link file 507. '
Memory Data Structures for Display Graph 303: FIGs. 2 and 7 _

The data structures for display graph 303 are maintained in memory 115
as graph lists 201. Graph lists 201 are part of graph data 119. The first of these data
structures is node list 203, which is a list of node data structures 403. Node Count
205 is a value which indicates the number of nodes in node list 203; similarly, link
list 207 is a list of link data structures 427, and link count 209 indicates the number
of links in link list 207. The link indexes 425 in node link list 423 are indexes of
link data 407 in link list 207; similarly, Fromidx 429 and Toidx 431 in link data 427
are indexes of node data 403 in node list 203. The node data 403 in node list 203 has
the same order as the nodes in node file 503, and the link data in link list 207 has the
same order as the links in link file 507.
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211 and node list 203. There is an index for each node, and the indexes in the list are

ordered by the sorted order of the node identifiers. The list is used by a function

called FindNode which takes a node identifier and returns the index of the node in

nodelD list 211 and node list 203.

Constructing Lists 201

In a preferred embodiment, graph display code 121 which produces
display 301 is invoked using a command line like this:

<prog_name> <options> <node file> <link file> <data file list>

The node file argument specifies node file 503, the link file argument specifies link
file 507, and the data files argument specifies a list of statistics files 516 and display
specification files 531.

The options in a prefen'ed embodiment include options specifying
whether graphic displdy 303 and histogram 313 are to be displayed using a rainbow
range of colors or a gray scale range and an option specifying a file of node
positions. The latter option is used to simply redisplay a previously-constructed
graphic display 303.

On commencement of execution, graph display program 121 initializes
and instantiates the widgets for the windows of display 301 and then reads the color
display option and sets state as required by the option. Next, the program reads node
file 503 one entry 505 at a time. As each entry is read, the node ID is added to
nodelD list 211, an item of node data 403 is added to node list 203, and byID list 215
is reordered as required by the new node ID. Then the program reads link file 507
one link element 509 at a time. As each link element is read, a link data item 427 is
added to link list 207. The FindNode function is used to convert FRID 511 and
TOID 513 to indexes of the node data 403 for the nodes represented by the IDs and
those indexes are placed in Fromidx 429 and Toidx 432 respectively. Thereupon,
the indexes are used to locate the node data items 403 for the nodes and the index of
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position fields 405 and 407 for each node data item 423; otherwise, the values of
position fields 405 and 407 are set according to an algorithm which starts at the top
of node list 203 and sets position fields 405 and 407 in the first node data item to 0,0,
that is, the center of display graph 303. The position fields of each node in turn are
set so that the nodes appear as rings of hexagons in display graph 303, with each -
node at essentially the same distance from all of its neighbors. As each node is
placed, the distances of the links between it and previously-placed nodes are
computed and placed in length field 435 of link data 427 for the node.

The next stage is to set up control panel 313 for display. In Nodes
portion 319, the value in node count 205 is displayed at the top and mask and
selection are set so that all nodes are on; Link portion 321 is set up in analogous
fashion. Then the program sets up variables portion 323 so that the names of the
statistics files 516 and the display specification files 531 provided as arguments to
the command line are displayed in variables portion 323,

‘When the program has done all of this, it "realizes” the widgets for the
windows making up display 301 and the windows appear in display 301. If no
position option was specified, display graph 301 appears at this time as a graph in
which the nodes are arranged in hexagonal rings and the links connect the nodes as
required by their positions and all nodes and links have the same default colors.

Once the program is running, the X Window System responds to mouse
events in display 301 by invoking "callback routines” in graph display code 121
which set values used to redraw display 301. When the X window system next
redraws the display, the appearance of the display is determined by those values.
One such mouse event is the assignment of a statistic to the nodes. As previously
explained, to assign a statistic to the nodes, the user drags the name of a file of
statistics for the nodes to the relevant field in nodes portion 319. In response to that
operation, the program uses the values in the statistics to set the values of the
relevant fields in node data 403. For example, if the statistics file selected is dragged
to the "size" field, the values in the file are used to compute the values in height field
417 and width field 421. Assigning a statistic to the links works in exactly the same
fashion, except that the fields set are in link data 427. When the changes have been
made to graph data 401, the program redraws display graph 303 in accordance with
the values currently in-graph data 401.
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Follows: (I en%c nodge Mx%n the 3( \?f{n&ow System next redisplays display 301, it displays the
: node in the specified color. If the user then employs the mouse as described above to
request a histogram window 311 for the statistic, the program sets up the data
structures for a histogram window 311 for the statistic and when the X Window
system next redraws display 301, histogram window 311 appears with a histogram
* 313 for the statistic. |
In links, the statistic which determines the color of a link is also used to
position the nodes; consequently, assigning a statistic to the color field of links
portion 321 not only sets color field 437 in link data 427 for each link, it also sets
weight field 433. The program maintains a list in which the nodes are ordered by the
value of their weight fields, beginning with the node with the largest value in the
field. That list appears in FIG. 7 as byStr 703. The list has an entry for each link,
and the entry 705 contains the index of the link data 427 for the link in link list 207.
Each time weight field 433 for a link is set, bySr 703 is reordered as required for the
new value of weight field 433.
As previously explained, the user may define masks for nodes or links
by dragging the mouse across parts of a histogram 313; the data structures in graph
data 119 which retain the masks thus defined are nodeSel 707 and linkSel 711,
shown in FIG. 7. NodeSel 707 has an entry for each node, with the entries being in
the order of the nodes in node list 203. Each entry may have the value 1 if the node
is to be displayed or the value 0 if it is not to be displayed. These values are set in
nodeSel 707 when the mouse is dragged across histogram 313 for the nodes.
LinkSel 711 is the same except that it has an entry for each link in link list 207, the
entries are in the same order, and the values are set by draggmg the mouse across
histogram 313 for the links.
NodeSel 707 and linkSel 711 may additionally be set from mask files.
That is done by dragging the name of the mask file to the mask field in node portion
319 for nodes or to the same field in link portion 321 for links. In both cases, when
the X Window System next redraws display graph 303, it uses or ignores the nodes
and/or links in making display graph 303 as specified by the values in nodeSel 707
and linkSel 711. NodeSel 707 and linkSel 711 further determine what nodes or links
are taken into account in making histograms 313. If a node is turned off in nodeSel
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technique for rg O arranges o/ so that nodes having more significant relationships to each other in
terms of-the statistic used to determine the color of the links and the value of weight
field 433 tend to cluster. The algorithm used to make the nodes cluster arose out of
the following theoretical considerations:

Clearly, if the nodes are to cluster, the relationship between the weight
of a link and the distance between nodes should be inverse, with nodes that have
large links having short separation. The simplest form of such a relation is to require
that the distance between two nodes be inversely proportional to the size of the link:

1
dij wg
where dj; is the displayed link length, w;; is the weight of the link.

The obvious candidate for such a placement algorithm is the statistical
technique of multidimensional scaling, or MDS, disclosed in Kruskal, J.B., and
Wish, M., Multidimensional Scaling, Sage Publications, Newbury Park, CA. Given a
matrix of dissimilarities, 8;;, this method fits positions to the nodes that minimize
Z(dyj -8,-,-)2. Setting §;; = -WL would give a layout that should attempt to satisfy

ij
the above relationship.

Unfortunately this does work well for two reasons. The practical
reason is that the method requires the inversion of the matrix of dissimilarities,
which can be expensive for large systems. Another drawback can be seen by
considering the quantity to be minimized:

1 (d..w.._l)z
I(dy—-dy)? = Ly - —)? = 2———
Wij Wij
The method tries to set d;;w; to be close to unity (as required), but the

minimization is weighted by -;2, with the result that small links have an

Wii ij
inordinate unportance relative to large ones - exactly the reverse of the situation we
would like.



| oc ' EMEI\Q‘ i synthetic annealing and is described in Law ence
Davi ng’ ¢ SHEE? thnms and Si nul ated Annealing, Pitnman, London. -19

"Bdfdre t ep begins, the program conputes the network potential of
t he ferti F‘BWE%% play 303. The network potential is the sumof the node

potgntlials_for al fl{the nodes in graphizi splay 303. DescendStep enpl oys
two |lists to hold resylts of conputations. These appear as zx 715 and zy
719 lp—R-c—F—Faeh—t+t st has one entry for each node and the entries for

the nodes are in the sanme order as their node data itens 403 in node |ist"

203. The entries 717 | Mdvihef biotRhad Kus®ebs Bie iha ruffbeX of AL 0 32"
the entries 72% inm zy. 719.contain offsets to the y coordinates. ese
of fsets indi ca%'ée@éx‘&ﬂ@&& BT Suniipaonthe nodes g the fenctioner t he

potential of tEédgysS;of folexdneple;gives d method eguidalént thMPS! 16 irﬁﬂleﬁieﬂ?”Si onal

minimization methods we start with some reasonable positioning of the nodes and
use a method such as Newton’s method or steepest descent to find a layout that
minimizes the function (see Burden, R. L, and Faires, J.D., Numerical Analysis,
Duxbury Press, Boston, MA 1985, for details). Minimization methods are also
known as force-based algorithms, as they are equivalent to releasing a set of nodes
under a system of inter-node forces and letting them find an equilibrium layout. A
common example of such an algorithm is to model the nodes as having springs
attached between them, the strength of each spring being proportional to the size of
the corresponding link. Some repulsive force between nodes is also required to
prevent the nodes from coalescing.

Although widely used, the spring algorithm is not a perféct model. It
certainly brings nodes closer together when the links are stronger, but it has a
tendency simply to bring nodes which have a lot of strong links together, regardless
of whether they have strong links to each other. It also tends to fill an area, since all
nodes want to get as close to each other as the repulsive force will allow. Thus
nodes will tend to fill in gaps. This behavior is useful in that it fits as many nodes as
possible into an area, but it tends to hinder the ability to Spot groups, as groups are
always embedded in a sea of less important nodes that have drifted beside them.

We elect instead directly to minimize the function

(dywy—1)2

E(wu—dL)z =X 3

ij d ij
This gives the required relation, and also states that our strongest interest is in close
nodes, where the weights are high. In contrast to the spring method, nodes with
weak links are moved to positions well away from the other nodes, so that important
groups are readily identified.

The hierarchy is also taken advantage of in the layout algorithm.

Starting with the root node (which we place at some appropriate center, usually the
origin), we consider the sub-network generated by its children and use our
minimization algorithm to place them. We then re-center and re-scale to place the
children at the parent’s location and recursively use this algorithm on the child
nodes. This gives us a layout algorithm thatcan deal with any depth of
hierarchy, and which is comparatively fast as the slow part (the minimization
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405 for the ribefispechdiqued gbicklyanoves4itddes 6 ail approximation of the proper
arrangement by swapping nodes if the swap results in bringing nodes with significant
relationships closer together; the second technique refines the approximation by
moving all of the nodes a small distance in a direction which brings their significant
relationships closer together.

The first technique will be termed herem SwapStep and the second will
be termed DescendStep.

SwapStep takes as an argument a specified number of steps. For that
number of steps, SwapStep does the following: first, it selects two nodes at random,
if they are the same, it iterates again. Otherwise, it computes the node potential for
each of the two nodes. The node potential is the sum of the link potentials for each
link connected to the node. In a preferred embodiment, the link potential is
computed as follows:

siep in the conputation is to work through node I|i st

(length *weight - 1)?
where length is the value of length field 435 of link data 427 and weight is the value
of weight field 433.

Then SwapStep adds the two node potentials to compute a total node
potential for the nodes in their present position. Next, the two nodes are "swapped"
by setting XPOS 504 and YPOS 407 in node data 403 for each of the nodes to the
corresponding values from the other nodes. Thereupon, the values of the length
fields 435 for any links connecting the two nodes are recomputed to reflect the new
positions. This done, the node potentials are recalculated as explained above and
added. The result is compared with the total node potential for the original position.
If the result is greater, the nodes remain in their present position; if it is less, they
are swapped back to their original positions.

In order to avoid local minima, SwapStep also swaps the nodes if a
value based on a random number is greater than a parameter whose value is based on
the number of swaps made where the result was not greater. The parameter is
initialized to 1 before SwapStep begins its iterations. This technique for avoiding
local minima is termed synthetic annealing and is described in Lawrence Davies,
Genetic Algorithms and Simulated Annealing, Pitman, London.
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lists to hold results of computations. These appear as zx 715 and zy 719 in FIG. 7.
Each list has one entry for each node and the entries for the nodes are in the same
order as their node data items 403 in node list 203. The entries 717 in zx 715 contain
offsets to the x coordinates, and the entries 721 in zy 719 contain offsets to the y
coordinates. These offsets indicate the direction the nodes should move in to lower
the potential of the system. Mathematically, zx and zy form the 2n-dimensional
gradient of the potential with respect to the node positions.

Like SwapStep, DescendStep takes an argument which specifies a
number of steps. The main loop of the routine executes as many times as specified
in the argument. The first step in the computation is to work through node list 203.
For each node data item 403, DescendStep calculates the node partial derivative for
the x and y positions of the node. The node partial derivative for the x position is
stored in the zx element 717 for the node and the node partial derivative for the y
position in the xy element 721 for the node. The node partial derivative is computed
from the link partial derivatives for the links specified in the node’s node link list
423. Each x link partial derivative is computed as follows:

weight * (length * weight -1) * ( fromX — t0X)
length

where weight is the value of weight field 433 in link data 427 for the link, length is
the value of length field 435, fromX is the XPOS 405 for the node specified by
Fromidx 429, and toX is the XPOS 405 for the node specified by Toidx 431. The y
link partial derivative is computed in the same way, except that fromX and toX are
replaced by their equivalents, fromY and toY. The link partial derivative for x is
computed from the node partial derivatives for x by adding x link partial derivatives
for links for which the node is the from node to a sum and subtracting the x link
partial derivatives for the other links from the sum. The same is done with y link
partial derivatives to compute the x node partial derivative.

Next, DescendStep normalizes the gradient for the entire graph. The
gradient determines the direction in which all of the nodes in the graph will be
moved and we require that the vector size of the gradient

be umty We do this by computing for each node the sum of the square of the x node
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variabl e call ds@adStep next computes the distance they are to be moved. If the last distance (a
global variable descDisp) was greater than 0, a variable a3 is set to 1; The distance
contained in a3 is then used to "move the nodes by recomputing their the x andy
positions. The recomputation for the x position is done by adding the current value
of XPOS 405 for the node to the product of the distance and the value of the element
717 for the node in zx 715; the recomputation for the y position proceeds
analogously. When the recomputation has been done for all the nodes, the graph
potential is computed; thereupon, the nodes are "moved" back to their original
positions. The graph potential is returned and assigned to a variable which we will
call g3.

The value of g3 is then compared with the value of a variable called g1,
which is set from the global variable descPorr, which contains the graph potential
produced by the last iteration (or the initial graph potential in the case of the first
iteration). If g3 > g1, the value of @3 is reduced, the nodes moved, and the current
graph potential recomputed as described above in iterations until the current graph
potential is less than or equal to the last graph potential. The displacement distance
is then divided by 2 again and assigned to a variable a2. a2 is then used as
described above to move nodes and compute the graph potential. The resulting
graph potential is assigned to the variable g2.

. At this point, g1, g2, g3, a2, a3, and a variable a1 with the value 0
are used to compute a final displacement distance a0. If we consider the potential to
be a function of the distance we move the nodes in the gradient direction, we have
three sample points, since we have calculated that moving a1 gives potential gl,
moving a2 gives potential g2 and moving-a3 gives potential g3. We fit a cubic
polynomial to these data points and solve for the lowest potential under the
polynomial model. We do this by the formulas

hl = (g2-gl)/(a2-al);
h2 = (g3-g2)/(a3-a2);
h3 = (h2-hl)/(a3-al);
a0 = 0.5*(al + a2 - hl/h3);
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XPOS + descDisp * zx[i]

where zx[{] is the element in zx 715 for the node. YPOS 405 is recomputed
analogously. Length values 435 in the links are then recomputed in the manner
previously described to agree with the new position of the node. The final values of
descDisp and descPot are then used as described above in the next iteration.

In a preferred embodiment, the user employs the previously-described
pop-up menu to select SwapStep or DescendStep and the number of iterations to be
performed by each technique. In the preferred embodiment, the user may choose
values of 10,000 and 5,000,000 iterations for SwapStep and 10 and 1000 iterations
for DescendStep. The larger numbers of iterations of course require more time than
the smaller numbers and are intended for use when the user wishes the display to
show finer distinctions. In general, it is presumed that the user will first use
SwapStep and then DescendStep, and in other embodiments, a single "rearrange"
command might perform the operations in that order.

When one of the techniques has been selected and the nodes have been
"moved”, graph display 303 is redrawn using the information in node data 403 and
link data 427 for each of the nodes. First, those links which linkSel 711 indicates
should appear are drawn in the order specified in byStr 703; then those nodes which
nodeSel 707 indicates should appear are drawn in the order in which they appear in
node list 203.

Other Applications of the Display Technique

The display technique disclosed herein for display graph 303 may be

used in any situation where data may be expressed in terms of nodes and links

- specifying relationships between the nodes. Other examples of its application
include the analysis of communications patterns in an E mail network, the analysis
of how changes in the files and modules of a large software product relate to changes
in other files and modules, and the analysis of relationships between products bought
in supermarkets.
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hi = (pzgl) 7 (azatyh (93-92)/(a3-a2); h3 = (h2-hl)/(a3-al); a0 =
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potential. Finally, the graph is "noved" to the rew position
iteration. XPOS 405 is reconputed for each node as foll ows: XPOS + descDi sp
* z[i] wher eConklusiors the el ement in zx 715 for the node. YPOS 405 is

reconput ed The foregoing Detailed Description has disclosed to those of ordinary
skill in the art how to make and use a system in which nodes in a graphical display
are rearranged according to the significance of the links connecting them in such
fashion that nodes with more significant connections to each other appear in groups |
which are visually separate from the other nodes. Although the embodiment
disclosed herein is the best presently known to the inventors, it will be immediately
apparent io those skilled in the art that systems employing the basic principles of the
one disclosed herein may be implemented in many ways.

In particular, the control windows may take different forms, as may the
manner in which the statistics are represented in files and the manner in which the
graph is represented in memory. In some embodiments, there may be no need to -
assign statistics to nodes or links, to display histogram windows, or to mask nodes
or links. Further, some embodiments may show relationships purely by means of
location, and may not vary the size, shape, or color of nodes or links. Finally, the
graph may be rearranged to the same effect as in the preferred embodiment by means
of rearrangement algorithms different from those disclosed herein.




anal ogously. Length values 435 in the links are then reconputed in the
manner pre\Ti‘mI-y{Je,sLLL_bedﬁt? agree with the new position of the node. The
final val ues descDi sp and descPot are then used as. described above in
t he next itﬂ H (" Jmm if erred enbodi nent, the user- |
previ ousl y- A m nu to selggt SwapSt eq’ B1!S Chitre d the
number of iterations to be *performed by each techni .
enbodi ment, the user may choose val ues of 10,000 and 5; n Lterations
for SwapStep and 10 and 1000 iterations for DescendStep. The |arger numnbers
of iterationsc-ﬂ{imgpurse require nore time than the smaller nunbers and are
i ntended for Use when the user w shes the display to show finer
di stinctions. |n gendsaApparatus forpepresenting infodmdtion wich dasctibesfrelagib
SwapSt ep and peipBed BHitfiRE {0k i Lnents, @ single
"rearrange" command m ght pggP%??nﬂ?ﬁgmgé%?é{sﬁﬁgﬂ{’quaﬁiqls%‘?’ﬂ%‘?s?“%en one of
the techni ques has bedha&a)is thedisplayifaridisplayinga pluvalityp ofentityrreprekentagonnh
di spl ay 303 ieach efitity\wopresanidtiontdrreSidndiipttl ' dat a ,403 and |ink data
427 for each of the \r,fg%es. First, gﬁogieﬁl ?%Egbgma%ﬂﬁil%ﬁk@gl 711 indicates
_ means responsive to the information for arranging entity representations

of entities whose relationships with each other are more significant than their

relationships with others of the entity representations into groups in the area which

are set visually apart from the others of the entity representations.
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_MW"“ ) in the order specified in byStr 703; then those
no! A 43 e 8ALA2D7 | ndi cates should appear are drawn in the order in
i dh the pear i ode list 203. O her Applications T“gheﬂ_spj ay
Techni qu éﬂé/@%pl hy |t echni que discl osed herein for dll;p'“ ySF@Eapm
dd _Situptfon where data may be expressed i
I i nK{s speC| . 81 aj i onshi ps bet ween-t R& nodes. Qther exa

appli : de tphe anal ysis of communications patterns in an E nai
netvvork the anal ysi s of ﬂ(}t“#;e fi.les and nodul es of a |arge
sof tware product relate tO c‘g}'g@gqﬁ# OF NEJWORK) BTl es, and the
. anal ysi s of riLatE';()tnShl ps between products bought in supermarkets. -22-
strac

Apparatus for providing displays in which the locations of nodes of a graph relative
to each other are a function of the significance of a relationship between the nodes.
The technique used to locate the nodes produces groups of nodes with significant
relationships to each other which are set visually apart from the other nodes. The
relationships between the nodes are defined by using a statistic to give weights to
links between the nodes. Statistics may also be used to determine the size, shape,
and color of the nodes and the color and width of the links. The display may also
include histograms which show the numbers of links or nodes which have given
values of the statistics and which relate the colors in which the nodes and links are
displayed to values of the statistics. The histograms may further be used to
interactively define masks'for links and nodes, and masked links and nodes are not
taken into account in making the display.

FIGURE 3.
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gr aph 0 the sane effect as in the preferred enbodi nent
by ne erft al gorithns different fromthose di sclosed herein
whi ch |d ﬂa 9§eu|o shi ps between entities, the apparatus conprising: a
di spl e graph whose nodes are a plurality of entity
repre_entat]o kB ol e tity represen- tation corresponding to one of the

ns respons] ve to the informatd on for arranging the entity
representations 1n ers on the display, the entity representations in a
cluster being representations of entities whose relationships with each
other as determned fromthe information are nore significant

305
303

3

N
{

FIG.

g 1 HEE g n
S B g E
183 11, ‘§§§ : 3
| 3 |‘ :5 E & '_I._Ig'_ [ 3
BUL seaddizsd]| ssazead] | 38557 ‘3
O ) )



rep,
d'i'
I Py BGh Sy

'-aammtsmgf

'+

di gp
re

arfangi ng the entity

ips with others of the entities, each entity
associated wwth a value of a first statistic, the

ayi ng edges belonging to the graph, the edges

ti onshi ps, each edge being associated wth a val ue of
he second statistic being a weight, the neans for
representations posi-gtioning the entity

r epr esent artons—-f
and the neans for arr
m ni m zing the functi

IS the edge's

a .t

Tl usters cord- ing to the weights of the edges,
aH@EnQNAH@(EF ity representSFl](;1 s dojg so by
0N ¥ PRG0S | dbddmisf he di Sl d eddge length and err]
: Y POS 407 ;
HO LINKS 409 GRAPH DATA 401
! NO IN LIST 411
LST PTR 413k
! COLOR 415
HEIGHT 417 | ——
WIDTH 419 LINK DATA 427(i)
L re |, r| FRON IDX 429 |,
—— - T0 IDX 431 403(n)
4
) A
TR B 1 )
LINK 1DX 425(0) WIOTH 439 |
1| LINK 1DX 425(1) _ -

!
LINK 10X 425(n)

| T HS—EEm e
/ 652 55{3 o1 5 gy NORAL  EXTEND

[ ‘ Y7 RESET  INVERT

0 y 1 13338 26675 40012 53348 635—F_1 =640

651 Z00M  UNZOOM




representing information which describes

t he apparatus conpri sing:

[fatus for

ghtities,

24

a display for

‘nodes are a plurality of entity representations,

i

-| tjati on corresponding to one of the entities;

arranging the entity

the entity representations in a

;
! i spl dy represent:
senfations of entities whose relationships with each

tihe

i nformation fo
ugters on the displ

I'n

repr
cl ust
ot her

ent ati ons

as

p— - - — -
[ (Diz_sodn | Onrsea]! [ st ]| o west] [ i |
|
i m to o 1o o ]
|
1 . ! ! f ! ﬂ.o.N.
(1izL_sodn (112 sodx (Ui a1asia |y [ (10eoc enasia || o[ Ci0GoL onii |
vz soah J;  (0)ete soax |} [ Toens wasia ]! [ ooz anasia |1 [ ToJsor awn |-
_l BILAL | | sux | _ VL T3S N || L0L 3S 300N | _l§ aIS sl_
L "OIA
IS5 ST NOILYQLAID3dS AVIdSi0 915 STUJ SISIVIS
115 s | [ eis ETRE 205 ST vt
' JdVHS 30ON v NSVA 3GON 4y OUSVIS NI 1 ¢ DUISIVLS JGON ¢ _sm T3 N1 €06 T3 300N 1
(w)6zs 3avesw || |[_(v)szs Nsvaw ()izs LVIS) 35 1vis]| w15 oLl 1[(s0s @ 300N
1 “ [} 11 i __——mc_m..—-_
| !
] 1 (N 11 ._ m&@ﬁ |
“ !
1 ! 1
' bl | 1 1 1 1 + ] .
! | | £1S alot ||| ¢ |
(| (V628 3avmsn |, o[ (1)szs ysvmw |, [ (i)izs 1wist |+ 2 [ (0)zss tvasw]! 2'[Tis oma ]! |[(s0s ar 300w
Aems 3dvHsh || || (olszs ysvmy (0)izs wvist || [ (o)ets ish]| [ (osos |, 1| (0)sos ar 300N _
¢ "OIAd




ST e . lepATo 4 Spo5
determ ne@ fromthei tion are nore significant than their D L
[

rel ation J]m rs of the entities, the neans.for..arranging.t-he—mmm—
entity r ’/ ﬁﬂfﬂ ng the entity represeht ations by Swappi-Hgst heS
®ndonly sel ected entity fépré&sentati angzi £ thaagehp -

positions of "a pait & !
results in bringing entity representations with move signifiqantd 2. ic paged .2
rel ati onshi ps closer together. 3. Conmput @3 appar at'us f.of .-€prizgent.i.ng paged .....
i nformati on which describes r.el ationshi ps between ientit.i:es, tdgodppacatsgsd....
conprising: a display _for displaying a graph whose nodes are a plurality of
entity representati onIVhataisrclaimed issrepresen- tati 8N ~-COFL-espeReA
of the entities; neand.r €omputér apparatiye fopf R afoRhitei
~entity representati wﬁchﬂ&ﬁbﬁs@él&ﬁ@ﬁblﬁﬁ@b&%@héﬁﬁﬁéﬁ,ﬁmappmms
comprising: .

a displa_y for di§playing a graph whose nodes are a
pltfra.lxry of entity representations, each entity represen-
tation corresponding to one of the entities;

means responsive to the information for arranging the
entity representations in clusters on the display, the
entity representations in a cluster being representations
of entities whose relationships with each other as
determn}ed from the information are more significant
than their relationships with others of the entities,

each entity representation being associated with a value of
a first statistic, . '

the display further displaying edges belonging to the
graph, the edges representing the relationships,

each edge being associated with a value of a second
statistic,

. the second statistic being a weight,

the means for arranging the entity representations posi-

tioning the entity representations in the clusters accord-

ing to the weights of the edges, and o
the means .fo.r arranging the entity representations doing
8o by minimizing the function

£ et

where d,, is the displayed edge length and w, is the edge’s
weight. .

. 2. Computer apparatus for representing information
which _de;:scribes relationships between entities, the apparatus
comprising: '

a display for displaying a graph whose nodes are a
plurality of entity representations, each entity represen-
tation corresponding to one of the entities; -




ent i-ty representations-in-a-cluster being representations of entities whoge

r-el ati onships wth each other as determned fromthe information are noré

For "ar « anc MR MR IR

by nmoving afl %f 't hé entity representations in a single operation, each of

the entity representations being noved -a2gnal

di stance in a particular

direction, the distance and direction for each entity representati on being

such that entity repregsenta- tion

cl oser together.

means responsfve to the information for arranging the
cality representations in clusters on the display, the
enlity representations in a cluster being representations
of entipes whose relationships with each other as
determined from the information are more significant
than their relationships with others of the entities,

the means for arranging the entity representations moving
the catity representations by swapping the positions of
a pair of randomly selected entity representations if the
swap rpsults in bringing entity representations with

_ more significant relationships closer together. :

2!. Computer apparatus for representing information
which descnbes relationships between entities, the apparatus
comprising: .

a display for displaying a graph whase nodes are a
phgrahty of entity representations, each entity represen-
tation corresponding to one of the entities;

mean§ responsive o the information for arranging the
entity representations in clusters on the display, the
entity representations in a cluster being representations

* of entities whose relationships with each other as
determined from the information are more. significant
than their relationships with others of the entities,

the means for arranging the entity representations moving
the entity representations by moving all of the entity
representations in a single operation, each of the entity
representations being moved 2 small distance in a
par.ticular dir_ection, the distance and direction for each
entity t!.apresentation being such that entity representa-
Gons with more significant relationships move closer
together.
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GRAPHICAL DISPLAY OF NETWORK DATA

Abstract

-Apparatus for providing displays in which the locations of nodes of a graph relative
to each other are a function of the significance of a relationship between the nodes.
The technique used to locate the nodes produces groups of nodes with significant
relationships to each other which are set visually apart from the other nodes. The .
relationships between the nodes are defined by using a statistic to give weights to
links between the nodes. Statistics may also be used to determine the size, shape,
and color of the nodes and the color and width of the links. The display may also
include histograms which show the numbers of links or nodes which have given
values of the statistics and which relate the colors in which the nodes and links are
displayed to values of the statistics. The histograms may further be used to | |
interactively define masks for links and nodes, and masked links and nodes are not
taken into account in making the display. - . |

FIGURE 3.
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