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PRESENTING NODE-LINK STRUCTURES WITH 
MODIFICATION 

FIELD OF THE INVENTION 

[0001] The invention relates to presenting a node-link 
structure in Which modi?cation occurs. 

BACKGROUND AND SUMMARY OF THE 
INVENTION 

[0002] Lamping, J. and Rao, R., “The Hyperbolic 
BroWser: A Focus+ConteXt Technique for Visualizing Large 
Hierarchies”, Journal of Wsual Languages and Computing, 
Vol. 7, 1996, pp. 33-55, disclose techniques for displaying a 
hierarchy in Which components diminish in siZe as they 
move outWards and the number of components groWs eXpo 
nentially With increasing radius. The display can be 
smoothly transformed to change the node at the center or 
focus. Animated transitions betWeen different vieWs main 
tain object constancy, helping a user assimilate changes. For 
quick redisplay, less of a fringe is draWn, lines can be draWn 
rather than arcs, and teXt can be dropped during animation. 
Lamping et al., US. Pat. No. 5,619,632, disclose a broWser 
that employs similar techniques for presenting a node-link 
structure and mention that a broWser could be used in editing 
structures. 

[0003] Matsuura, T., Taniguchi, K., Masuda, S., and Naka 
mura, T., “A Graph Editor for Large Trees With BroWsing 
and Zooming Capabilities”, Systems and Computers in 
Japan, Vol. 24, No. 8, 1993, pp. 35-46, disclose a library 
program Which alloWs direct manipulation of a large tree on 
a display. When a node or subtree is added or deleted, the 
data structure is updated; the layout for each node is calcu 
lated based on the graph layout algorithm, and each node 
and edge is redraWn. When nodes are added or deleted 
consecutively, a single update of the display can be per 
formed after all the modi?cations have been made. AvieW 
port includes a global vieW and a canvas, and updating 
depends on mode, Which may be automatic update, partial 
update, or on demand update. Partial update resembles on 
demand update, but an intermediate display node is dis 
played temporarily. 

[0004] Beaudet et al., US. Pat. No. 5,515,487, disclose 
selective display of portions of graphics by eXpanding and 
collapsing nodes in trees, directed acyclic graphs, and cyclic 
graphs. Nodes are selected for modi?cation, all nodes con 
nected to each selected node is assigned to a ?rst set of 
nodes, and then each node is removed from the ?rst set of 
nodes and assigned to a second set, together With any 
connected nodes that are not in the ?rst set. The identi?ed 
nodes are deleted from the display, and each node connected 
to a deleted node is highlighted, surrounded by an outline 
boX, shoWn With outgoing arcs, or otherWise shoWn in a Way 
that distinguishes collapsed nodes. 

[0005] WindoWs NT EXplorer is a program that can be 
used to see the hierarchy of folders on a disk drive. The 
hierarchy is presented as a list of items, With indentation 
shoWing Which items are children of other items. Some 
folders are presented With plus signs (+), and if the user does 
a mouse click on a plus sign, more folders Will be displayed. 
WindoWs NT also provides a similar program that can be 
used to see a hierarchy of netWork resources. 
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[0006] The invention addresses problems in presenting 
node-link structures that change. 

[0007] A node-link structure can change in several situa 
tions. For eXample, if the structure is large, the data available 
at a given time may only de?ne part of the structure. This 
may occur because data de?ning the complete structure has 
not yet arrived or because the structure is so large that 
memory is not large enough to hold a complete de?nition of 
it. In such cases, a partial structure is held in memory, to be 
changed as additional data arrives or is retrieved. 

[0008] Another situation in Which a node-link structure 
changes is When the structure is a partial version of an 
underlying structure. For eXample, the user may request that 
speci?ed types of nodes or links be selected to obtain a 
?ltered version. In response, a node-link structure is pro 
duced that omits nodes and links that are not selected by the 
?lter criterion, alloWing more space for nodes and links of 
interest. Or the structure can be a tree that represents an 
underlying directed graph (DG) structure in Which there are 
multiple in-links to a node in the DG that in turn has 
children. In one approach, the DG node is represented by 
multiple parent nodes in the tree, each With one of the 
in-links, but the DG node’s children are represented With 
only one of the parent nodes in the tree. In response to user 
input, the parent node With Which the children are repre 
sented can change, thus changing the tree structure (but not 
the DG). 
[0009] Also, the underlying structure may itself change. 
For eXample, it may be modi?ed in response to processes 
other than the broWser through Which it is being vieWed. Or 
it may be modi?ed in response to user requests through the 
broWser interface. 

[0010] A node-link structure that changes in any of these 
Ways is referred to herein as a “dynamic node-link struc 
ture”. This term therefore includes not only underlying 
node-link structures that change, but also partial versions 
that change or are obtained differently from an underlying 
node-link structure, Which may itself be either static or 
dynamic. 
[0011] The presentation techniques described by Lamping 
and Rao and other conventional techniques can lead to 
problems With structure change during presentation. Typi 
cally, a neW layout must be done for at least part of the 
changed structure and then it must be redisplayed. There 
fore, When a change occurs in a structure being presented 
With such techniques, there is often an abrupt or discontinu 
ous transition to a representation of the changed structure. In 
some cases, layout and redisplay is so sloW that a user cannot 
effectively interact With the changed structure. Further, 
layout and redisplay do not provide a Way to animate the 
transition from the old to the neW structure, Which Would 
improve the user’s understanding of the transition. There 
fore, many conventional presentation techniques only pro 
duce satisfactory results for static node-link structures, and 
are not suitable for dynamic node-link structures. 

[0012] Some conventional presentation techniques can, 
hoWever, animate transitions to expand or contract an item 
on a hierarchical list. These techniques are limited hoWever 
to one modi?cation, either an expansion or a contraction, 
and therefore are dif?cult to generaliZe to all transitions. 

[0013] The invention alleviates problems in presenting 
dynamic node-link structures by providing techniques that 
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make it easier for a user to understand a broader range of 
transitions. Each technique presents a sequence of represen 
tations, the ?rst of Which represents a ?rst node-link struc 
ture and the ii last of Which represents a second node-link 
structure that is a modi?ed version of the ?rst node-link 
structure. The elements shared by the ?rst and last structures 
include a moving element represented by features that have 
different positions in the ?rst and last representations. 
BetWeen the ?rst representation and the last representation, 
the techniques present at least one intermediate representa 
tion. Each representation in the sequence includes features 
representing a subset of the shared elements that includes the 
moving element. The feature representing the moving ele 
ment has object constancy through the sequence of steps. 

[0014] In one aspect of the invention, the second node-link 
structure is a modi?ed version With at least one insertion and 
at least one deletion in the ?rst node-link structure. For 
example, an element could be deleted from one position and 
inserted at another position. Therefore, techniques according 
to this aspect, referred to as “deletion and insertion” herein, 
could be used to move an element or to make more com 

plicated changes, including multiple deletions and inser 
tions. 

[0015] Each of the neW deletion and insertion techniques 
presents a sequence of images in Which the area of an 
element being deleted or inserted changes, either decreasing 
or increasing in each successive image. At the same time, 
compensating area changes occur in nearby elements. If the 
area changes are appropriately chosen, the sequence of 
images Will produce the impression that, in deletion, nearby 
elements are closing in on the element being deleted and, in 
insertion, that the element being inserted is pushing nearby 
elements aside. 

[0016] The sequence of images can also, in each case, 
provide an appropriate motion of an element being deleted 
or inserted. For example, in deletion of an element With a 
Wedge-shaped area, the element being deleted can move out 
the open end of its Wedge, can shrink along With its Wedge, 
or can disappear before its Wedge begins to shrink. 

[0017] Yet other deletion and insertion techniques animate 
expansion or contraction of the descendants of a node. In 
expansion of a node’s descendants, the descendants can 
spread from the node; in contraction, the descendants can be 
draWn into the node. 

[0018] The deletion and insertion techniques can be imple 
mented With a ?rst subsequence of steps in Which features 
representing elements are deleted and a second subsequence 
in Which features representing elements are inserted. For 
example, to shoW an element in a neW position, it can ?rst 
be deleted at its previous position and then inserted at the 
neW position. 

[0019] Another aspect of the invention is based on the 
discovery of techniques for animating a transition in a 
tWo-dimensional display. According to these techniques, 
tWo moving elements folloW paths that are not parallel 
straight lines. For example, the elements may be moving 
along curved paths, or the elements may be moving along 
independent non-parallel paths. 

[0020] Yet another aspect of the invention is based on the 
discovery of techniques for concurrently animating separate 
changes in a node-link structure. According to these tech 
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niques, signals are received requesting at least tWo separate 
changes, and change data indicating the requested changes 
are obtained based on the signals. Then, the change data and 
a ?rst data structure de?ning the node-link structure are used 
to obtain a second data structure de?ning a changed version 
of the node-link structure, and then representations can 
accordingly be presented. 

[0021] The neW techniques are advantageous because they 
make it easy for the user to understand a transition in a 
dynamic node-link structure. In addition, the neW techniques 
can be implemented Without the time-consuming computa 
tion necessary to perform layout and redisplay of a complete 
node-link structure-instead, incremental layout and redis 
play can be employed. As a result, a user is able to interact 
more effectively With a dynamic node-link structure. 

[0022] The folloWing description, the draWings, and the 
claims further set forth these and other aspects, objects, 
features, and advantages of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] FIG. 1 is a schematic ?oW diagram shoWing a 
sequence of node-link representations With modi?cations. 

[0024] FIG. 2 is a How chart shoWing general acts in 
presentation a sequence of representations like the one in 
FIG. 1. 

[0025] FIG. 3 is a schematic diagram shoWing general 
components of a machine ii that presents a sequence of 
representations like the one in FIG. 1. 

[0026] FIG. 4 is a How chart shoWing general acts in 
preparing to present a sequence of representations like the 
one in FIG. 1 based on signals requesting separate changes. 

[0027] FIG. 5 is a schematic diagram of a system. 

[0028] FIG. 6 is a How chart shoWing hoW the system of 
FIG. 5 can respond to events by presenting representations 
of a directed graph. 

[0029] FIG. 7 is a How chart shoWing hoW initial layout 
can be performed in FIG. 6. 

[0030] FIG. 8 is a How chart shoWing hoW layout of a 
changed node-link structure can be performed in FIG. 6. 

[0031] FIGS. 9 and 10 shoW tWo sequences of images that 
can be produced by the technique of FIG. 8. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0032] A. Conceptual FrameWork 

[0033] The folloWing conceptual frameWork, When taken 
With the conceptual frameWorks set forth in US. Pat. Nos. 
5,590,250 and 5,619,632, incorporated herein by reference, 
is helpful in understanding the broad scope of the invention, 
and the terms de?ned beloW have the indicated meanings 
throughout this application, including the claims. 

[0034] A “node-link structure” is a structure that includes 
items that can be distinguished into nodes and links, With 
each link relating tWo or more of the nodes. A “graph” is a 
node-link structure in Which each link relates tWo nodes. A 
“directed graph” is a graph in Which each link indicates 
direction betWeen the nodes it relates, With one node being 
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a source or “rom-node” of the link and the other being a 
destination or “to-node” of the link. An “acyclic directed 
graph” is a directed graph in Which the links, When followed 
in their indicated directions, do not provide a path from any 
node back to itself. A“tree” is an acyclic directed graph With 
exactly one root node such that, for any non-root node in the 
tree, the links, When folloWed in their indicated directions, 
provide only one path that begins at the root node and leads 
to the non-root node. 

[0035] The “elements” of a node-link structure are its 
nodes and links. 

[0036] An “image” is a pattern of physical light. An 
“image output device” is a device that can provide output 
de?ning an image. A “display” is an image output device 
that provides information in visible form. A display may, for 
example, include a cathode ray tube; an array of light 
emitting, re?ecting, or absorbing elements; a scanning light 
source; a structure that presents marks on paper or another 
medium; or any other structure capable of de?ning an image 
in a visible form. 

[0037] A “node-link representation” is a representation of 
a node-link structure. For example, links can be represented 
by link features and nodes can be represented by node 
features. 

[0038] A feature representing an element “has an area” if 
the feature has spatial extent in each dimension of the 
display on Which it is presented; for example, on a tWo 
dimensional display, the feature has an area if it extends in 
both dimensions of the display. 

[0039] The “nearby features” of a feature representing an 
element in a node-link representation include features that 
represent other elements and Which are closer to the feature 
than the median distance betWeen the feature and other 
features that represent other elements. 

[0040] A feature representing an element of a node-link 
structure “has object constancy” through a sequence of 
representations of the node-link structure, if the features 
representing the element in the representation in the 
sequence all appear to be the same feature. For example, the 
features in any tWo successive representations in the 
sequence may be suf?ciently similar and sufficiently close in 
time and space that they appear to be the same feature. A 
feature With object constancy that appears to move “folloWs 
a path”. 

[0041] An “animation loop” is a repeated operation in 
Which each repetition presents an image and in Which 
features in each image appear to be continuations of features 
in the next preceding image, such as through object con 
stancy. An “animation cycle” is a single iteration of an 
animation loop. 

[0042] An element “has descendants” or “is expanded” in 
a node-link representation if the element has at least one 
child in the representation. An element “has no descendants” 
if the element has no children in the representation. An 
element “is contracted” if the element has no descendants in 
the representation even though it could based on the under 
lying node-link structure. 

[0043] The term “navigation signal” is used herein to 
mean a signal that indicates that the user has greater interest 
in a part of a node-link structure than in other parts. For 
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example, an “expand signal” indicates a request to present a 
representation of a graph in Which the representation of an 
element of the graph is expanded, While a “contract signal” 
indicates a request to present a representation of a graph in 
Which the representation of an element of the graph is 
contracted. Other examples include requests to present a part 
of the node-link structure at a speci?c position, Which can be 
done by selecting a bookmark or the like or by a point and 
click operation requesting that a feature pointed to be moved 
to a center of focus. 

[0044] A signal “requests a change” in a node-link struc 
ture if the signal requests a change in one or more elements 
of the structure, such as an insertion or deletion of one or 
more elements or an operation such as moving or copying 
that can be implemented by a combination of insertions and 
deletions. Expand and contract signals are examples of 
signals that request a change. 

[0045] TWo changes are “separate” if each change could 
be made independently of the other. 

[0046] A “processor” is a component of circuitry that 
responds to input signals by performing processing opera 
tions on data and by providing output signals. The input 
signals may, for example, include instructions, although not 
all processors receive instructions. The input signals to a 
processor may include input data for the processor’s opera 
tions. The output signals similarly may include output data 
resulting from the processor’s operations. 

[0047] A “network” is a combination of circuitry through 
Which a connection for transfer of data can be established 
betWeen machines. 

[0048] B. General Features 

[0049] FIGS. 1-4 shoW general features of the invention. 

[0050] In FIG. 1, display 10 presents a sequence of 
node-link representations beginning With ?rst representation 
20 of a ?rst node-link structure and ending With last repre 
sentation 50 of a second node-link structure that is a modi 
?ed version of the ?rst node-link structure With both a 
deletion and an insertion, Which could result from signals 
requesting tWo separate changes. BetWeen representations 
20 and 50, display 10 presents intermediate representation 
40. The ?rst node-link structure has a ?rst level node 
represented by feature 22, and the ?rst level node has tWo 
children that are second level nodes represented by features 
24 and 26. The child represented by feature 24 is at the top 
of branch 28, Which includes all its descendants, including 
three children that are third level nodes. Similarly, the child 
represented by feature 26 is at the top of branch 30, Which 
includes all its descendants, including tWo children that are 
third level nodes. 

[0051] The second node-link structure, shoWn by last 
representation 50, shares a number of elements With the ?rst 
node-link structure, a subset of Which are represented by 
features in all of representations 20, 40, and 50. The shared 
elements include the nodes represented by features 22, 24, 
and 26 and the links that connect them, each of Which has 
a stable position through representations 20, 40, and 50. The 
shared elements also include nodes represented by features 
32 and 34 in branch 28 and nodes represented by features 36 
and 38 in branch 30 and the features representing links to 
nodes 32, 34, 36, and 38; each feature that represents one of 
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these nodes and links has a different position in last repre 
sentation 50 than in ?rst representation 20, and these nodes 
and links are therefore referred to herein as “moving ele 
ments”. 

[0052] In the example illustrated in FIG. 1, the changes in 
positions of features representing moving elements occur 
because the ?rst node-link structure is modi?ed in tWo Ways 
to obtain the second node-link structure. One of the third 
level nodes represented in branch 28 is deleted to obtain 
branch 52, and an additional third level node is added to 
branch 30 to obtain branch 54. Despite the modi?cations 
betWeen the ?rst and second node-link structures and the 
resulting changes of position, the features representing the 
moving elements have object constancy through the 
sequence of representations. As suggested by the arroWs in 
representations 40 and 50, nodes 36 and 38 appear to folloW 
curved paths apart, While nodes 32 and 34 appear to folloW 
curved paths toWard each other. The nodes thus appear to 
folloW paths that are not parallel straight lines. 

[0053] Object constancy through the sequence could be 
produced in various Ways, but the technique illustrated in 
FIG. 1 exempli?es the production of object constancy by 
presenting similar features at small intervals in space and 
time. Each of features 22, 24, and 26 and the features 
representing links betWeen them can remain substantially 
identical While presented in rapid succession at the same 
position, ensuring object constancy. Each of features 32, 34, 
36, and 38 and the features representing links to them can 
also remain substantially identical While presented in rapid 
succession at slightly displaced positions. The displace 
ments in position of features 32 and 34 bring them closer 
together to compensate for deletion of a third level node that 
is a child of feature 24; features 32 and 34 are illustratively 
closer together in branch 52, in Which the node has been 
deleted, than in branch 28 prior to deletion and in branch 42 
in Which the deletion is ?rst made. The displacements of 
features 36 and 38 move them apart to compensate for 
insertion of a third level node that is a child of feature 26; 
features 36 and 38 are farther apart in branch 44 than in 
branch 30, and the node has been inserted in branch 54. 

[0054] In FIG. 2, the act in box 100 begins by presenting 
a ?rst representation. The ?rst representation represents a 
?rst node-link structure and includes features representing a 
subset of the elements that are shared With a second node 
link structure. The subset includes a moving element, such 
as a node represented by one of features 32, 34, 36, and 38 
in FIG. 1. 

[0055] The act in box 102 then presents an intermediate 
representation that also includes features representing the 
subset of shared elements. As illustrated by the dashed line, 
the act in box 102 may be performed more than once to 
present a series of tWo or more intermediate representations. 
In each intermediate representation, each feature represent 
ing the moving element has object constancy With the 
feature representing the moving element in the preceding 
representation, Which may be the ?rst representation or a 
preceding intermediate representation. 

[0056] Finally, the act in box 104 presents a last repre 
sentation, representing the second node-link structure, 
Which is a modi?ed version of the ?rst node-link structure. 
As in box 102, the last representation includes features 
representing the subset of shared elements, and the feature 
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representing the moving element has object constancy With 
the feature representing the moving element in the preceding 
intermediate representation, despite the change in position 
from the ?rst representation to the last representation. 

[0057] Machine 150 in FIG. 3 includes processor 152 
connected for receiving data indicating user signals from 
user input circuitry 154 and for providing data de?ning 
images to display 156. Processor 152 is also connected for 
accessing node-link data 158, Which de?ne ?rst and second 
node-link structures, the second being a modi?ed version of 
the ?rst. Processor 152 is also connected for receiving 
instruction data 160 indicating instructions through instruc 
tion input circuitry 162, Which can illustratively provide 
instructions received from connections to memory 164, 
storage medium access device 166, or netWork 168. 

[0058] In executing the instructions indicated by instruc 
tion data 160, processor 152 causes display 156 to present a 
?rst representation of the ?rst node-link structure, including 
features representing a subset of the elements that are shared 
With the second node-link structure. The subset of shared 
elements includes a moving element as described above. 
Then processor 152 causes display 156 to present at least 
one intermediate representation, each also including features 
representing the subset of shared elements; the feature 
representing the moving element has object constancy With 
the feature representing the same shared element in the 
preceding representation. Finally, processor 152 causes dis 
play 156 to present a last representation of the second 
node-link structure, also including features representing the 
subset of shared elements, and the feature representing the 
moving element has object constancy With the feature rep 
resenting the moving element in the preceding intermediate 
representation. 

[0059] As noted above, FIG. 3 illustrates three possible 
sources from Which instruction input circuitry 162 could 
receive data indicating instructions—memory 164, storage 
medium access device 166, and netWork 168. 

[0060] Memory 164 could be any conventional memory 
Within machine 150, including random access memory 
(RAM) or read-only memory (ROM), or could be a periph 
eral or remote memory device of any kind. 

[0061] Storage medium access device 166 could be a drive 
or other appropriate device or circuitry for accessing storage 
medium 170, Which could, for example, be a magnetic 
medium such as a set of one or more tapes, diskettes, or 
?oppy disks; an optical medium such as a set of one or more 
CD-ROMs; or any other appropriate medium for storing 
data. Storage medium 170 could be a part of machine 150, 
a part of a server or other peripheral or remote memory 
device, or a softWare product. In each of these cases, storage 
medium 170 is an article of manufacture that can be used in 
machine 150. Data units can be positioned on storage 
medium 170 so that storage medium access device 166 can 
access the data units and provide them in a sequence to 
processor 152 through instruction input circuitry 162. When 
provided in the sequence, the data units form instruction data 
160, indicating instructions as illustrated. 

[0062] NetWork 168 can provide instruction data 160 
received from machine 180. Processor 182 in machine 180 
can establish a connection With processor 152 over netWork 
168 through netWork connection circuitry 184 and instruc 
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tion input circuitry 162. Either processor could initiate the 
connection, and the connection could be established by any 
appropriate protocol. Then processor 182 can access instruc 
tion data stored in memory 186 and transfer the instruction 
data over netWork 168 to processor 152 so that processor 
152 can receive instruction data 160 from netWork 168. 
Instruction data 160 can then be stored in memory 164 or 
elseWhere by processor 152, and can be executed. 

[0063] FIG. 4 illustrates hoW separate changes can be 
handled concurrently. 

[0064] The act in box 190 receives signals requesting at 
least tWo separate changes in a ?rst node-link structure. For 
example, the signals could include tWo different signals 
requesting separate changes. 
[0065] Based on the signals, the act in box 192 obtains 
change data indicating the changes requested by the signals. 
The change data could also be stored in an appropriate data 
structure pending use. 

[0066] Then, the act in box 194 uses the change data and 
a ?rst data structure de?ning the ?rst node-link structure to 
obtain a second data structure de?ning a second node-link 
structure. The second node-link structure is a version of the 
?rst in Which the requested changes have been performed. 
Finally, the act in box 196 presents representations of the 
?rst and second node-link structures, With animation. This 
act can include the acts described above in relation to FIG. 
2. 

[0067] C. Implementation 
[0068] The general features described above could be 
implemented in numerous Ways on various machines to 
present node-link representations. An implementation 
described beloW has been implemented on a PC-based 
system running the 32 bit versions of Microsoft WindoWs 
and executing code compiled from C++ language source 
code. 

[0069] C1. System 

[0070] In FIG. 5, system 200 includes PC processor 202, 
Which is connected to display 204 for presenting images and 
to keyboard 206 and mouse 208 for providing signals from 
a user. PC processor 202 is also connected so that it can 
access memory 210 and client 212. Memory 210 can illus 
tratively include program memory 214 and data memory 
216. Client 212 is a source of information about a directed 
graph, Which could be a combination of routines and data 
stored in memory 210 or could be independent of memory 
210 as shoWn. For example, processor 202 could commu 
nicate With client 212 through a netWork. 

[0071] The routines stored in program memory 214 can be 
grouped into several functions. Grapher routines 220 create 
and modify a data structure representing the directed graph 
de?ned by the information from client 212. Walker routines 
222 respond to navigation signals and other user signals 
from keyboard 206 and mouse 208 by obtaining information 
from the directed graph data structure. Painter routines 224 
provide signals to display 204 to cause it to present repre 
sentations of the directed graph data structure. Math routines 
226 can be called to obtain positions of elements of the 
directed graph in a layout space. 

[0072] Data memory 216 in turn contains data structures 
accessed by processor 202 during execution of routines in 
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program memory 214. Directed graph data structure 230, as 
noted above, can be created and modi?ed by grapher rou 
tines 220 and can also be accessed by Walker routines 222 
and painter routines 224. 

[0073] Further details about the implementation of 
directed graph data structure 230 are set forth in copending 
coassigned US. patent application Ser. No. 09/DDD,DDD 
(Attorney Docket No. D/98205Q3), entitled “Controlling 
Which Part of Data De?ning a Node-Link Structure is in 
Memory”, and Ser. No. 09/EEE,EEE (Attorney Docket No. 
D/98205Q4), entitled “Node-Link Data De?ning a Graph 
and a Tree Within the Graph”, both incorporated herein by 
reference. 

[0074] Node position data 232, Which can be linked to or 
included Within directed graph data structure 230, can 
include positions of nodes in a negatively curved space such 
as a hyperbolic plane and in a rendering space such as a 
tWo-dimensional unit disk. Node position data 232 can be 
accessed by routines in program memory 214. 

[0075] The routines in program memory 214 can also 
access various miscellaneous data structures 234. Data 
structures 234 may, for example, include an extra data 
structure for mapping from a pair of node IDs to a link ID, 
implemented as a standard heap; this extra data structure 
alloWs lookup and insertion of a link ID in constant expected 
time. 

[0076] C2. Responding to Events 

[0077] FIG. 6 shoWs hoW the system of FIG. 5 can 
respond to events by presenting representations of a graph. 

[0078] In box 300, client 212 begins by obtaining a 
starting graph and by loading an initial set of elements into 
memory, such as through calls to create nodes as described 
in copending coassigned US. patent application Ser. No. 
09/DDD,DDD (Attorney Docket No. D/98205Q3), entitled 
“Controlling Which Part of Data De?ning a Node-Link 
Structure is in Memory”, incorporated herein by reference. 
Expansion ?ags de?ne a tree Within the initial set of ele 
ments, as described in copending coassigned US. patent 
application Ser. No. 09/EEE,EEE (Attorney Docket No. 
D/98205Q4), entitled “Node-Link Data De?ning a Graph 
and a Tree Within the Graph”, incorporated herein by 
reference. Client 212 also makes appropriate calls to rou 
tines in memory 214 for layout of the tree in a hyperbolic 
plane, for mapping the tree from the hyperbolic plane to a 
unit disk With the root node at the disk center, for painting 
the mapped tree, and for presentation of the painted version 
on display 204 by sWapping a double buffer, all in box 300. 

[0079] In box 302, client 212 receives an event relating to 
the graph. The event could result from a navigation signal, 
an editing signal, or another type of signal from a user. 
Alternatively, the event could be received from another 
source, either Within or external to system 200. In either 
case, the event could take the form of a call from Within 
client 212, from one of the routines in memory 214, or from 
other instructions executed by processor 202. A series of 
received events could be held in a queue, so that box 302 
could involve popping an event from a queue. 

[0080] In response to the event received in box 302, client 
212 initiates an appropriate response by making one or more 



US 2001/0045952 A1 

calls to routines in memory 214. As indicated by boX 304, 
the response depends on the type of event, so that a branch 
is taken based on the event. 

[0081] The event may be a non-animated event, such as an 
orientation shift event, a stretch event, or a dragging event. 
An orientation event can result When the user indicates a 
neW orientation for the root node. A stretch event can result 
When the user indicates a neW stretch factor for the displayed 
representation. A dragging event, for eXample, can result 
When the user selects a position Within the representation, 
such as by a mouse doWn click, and requests that it be moved 
by an appropriate gesture or other signal. 

[0082] Client 212 begins the response to a non-animated 
event in boX 310 by obtaining any information needed for 
responding to the event. For an orientation event, the infor 
mation obtained in boX 310 can include the neW orientation. 
For a stretch event, the information obtained in boX 310 can 
include the neW stretch factor. 

[0083] For a dragging event, obtaining information in boX 
310 is someWhat more complicated. Client 212 could obtain 
a node identi?er (node ID) of the node nearest the selected 
position and could also obtain information about the 
requested motion. These items of information could be 
obtained in much the same Way as illustrated by the function 
?nd-nearest-node described at cols. 71-72 and as described 
in relation to FIG. 14 of US. Pat. No. 5,590,250, incorpo 
rated herein by reference. 

[0084] When client 212 has obtained the necessary infor 
mation in boX 310, it can conclude With appropriate calls to 
Walker routines 222 and painter routines 224 for layout, 
mapping, and painting. For an orientation event, the root 
node must be laid out at the neW orientation. For a stretch 
event or a dragging event, layout is not needed. For a stretch 
event, the call to Walker routines 222 must, hoWever, include 
the neW stretch factor, for use in mapping. Similarly, for a 
dragging event, the call to Walker routines 222 must include 
the node ID of the nearest node and the neXt position along 
the path of motion, for use in mapping. 

[0085] In boX 312, Walker routines 222 could ?rst perform 
any necessary layouts in the hyperbolic plane, and could also 
lay out any pending edits of the tree, in the manner described 
in copending coassigned US. patent application Ser. No. 
09/BBB,BBB (Attorney Docket No. D/98205Q1), entitled 
“Local Relative Layout of Node-Link Structures in Space 
With Negative Curvature”, incorporated herein by reference. 
Then, in boX 314, Walker routines 222 could map the tree 
into the unit disk, beginning With a starting node at a starting 
position, in the manner described in copending coassigned 
US. patent application Ser. No. 09/CCC,CCC (Attorney 
Docket No. D/98205Q2), entitled “Mapping a Node-Link 
Structure to a Rendering Space Beginning from any Node”, 
incorporated herein by reference. For eXample, in response 
to a dragging event, the starting node could be the nearest 
node identi?ed in boX 310 and the starting position could be 
the neXt position along the path of motion. The starting node 
and starting position previously used for mapping could be 
used in response to an orientation or stretch event. 

[0086] When the tree has been mapped, painter routines 
224 can be called to paint the mapped tree in a display buffer, 
in boX 316. During painting, painter routines 224 can mark 
neW edits that occur in the tree as a result of node creation 
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as described in copending coassigned US. patent applica 
tion Ser. No. 09/EEE,EEE (Attorney Docket No. 
D/98205Q4), entitled “Node-Link Data De?ning a Graph 
and a Tree Within the Graph”, incorporated herein by 
reference. Each edit can be marked by setting a ?ag or 
storing other appropriate data. When painting is completed, 
a sWap of display buffers can be performed to present the 
tree as painted, thus providing a representation of the graph. 

[0087] As noted above, these events are currently imple 
mented as non-animated events. In response to an orienta 
tion event, the representation pivots to the neW orientation, 
typically around the node at the focus of the display region. 
Similarly, in response to a stretch event, the representation 
eXpands or contracts radially, typically around the node at 
the focus. In response to a dragging event, the representation 
moves at a rate determined by the input signal. Client 212 
could, hoWever, provide an animated response to an orien 
tation event, a stretch event, or a dragging event by con 
verting the requested change into an equivalent sequence of 
smaller events, and issuing a series of calls in boX 310, one 
call for each of the smaller events. 

[0088] FIG. 6 also illustrates responses to tWo different 
types of events Which are alWays treated as animated in the 
current implementation. The ?rst type is a bookmark or click 
event, in response to Which one node’s position is moved 
during an animated sequence and other elements move to 
accommodate the one node’s movement. The second type is 
an insert/delete event, in response to Which one node 
remains stable during an animated sequence in Which some 
elements are contracted, others are eXpanded, and still others 
move to accommodate the contractions and expansions. 

[0089] A bookmark or click event could result When the 
user selects an item in a menu or other collection of 

bookmarks or selects a position Within the representation 
With a mouse doWn-up click. In response to an event of this 
type, client 212 obtains a node ID and a destination position 
in the unit disk. In the case of a bookmark event, the node 
ID and destination position are previously stored and can be 
retrieved from memory. In the case of a click event, client 
212 could obtain a node ID of the node nearest the selected 
position in much the same Way as the function ?nd-nearest 
node described at cols. 71-72 of US. Pat. No. 5,590,250, 
incorporated herein by reference, and the destination could 
be a default position, such as the center of the unit disk. 

[0090] In boX 320, client 212 could call Walker routines 
222 With the node ID and destination position. Walker 
routines 222 can respond by performing an animation loop 
to present a sequence of representations in Which the node 
moves from its previous position to the destination position. 
In boX 320, Walker routines 222 begin by setting up a 
sequence of node/position pairs, each including the node ID 
and a position in the unit disk. The positions can be obtained 
by obtaining a total translation from the previous position to 
the destination position, then obtaining and repeatedly com 
posing an nth root of the total translation With a current 
translation as described in relation to boXes 470, 472, and 
482 in FIG. 12 of US. Pat. No. 5,619,632, incorporated 
herein by reference. The number of node/position pairs can 
be large enough to ensure a smooth animation from the 
previous position to the destination position, With features 
representing elements of the structure maintaining object 
constancy during the animation. As an alternative to the nth 
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root approach, the positions could be obtained by selecting 
an appropriate number of points along an appropriately 
chosen arc in the hyperbolic plane from the previous posi 
tion to the destination position. The arc could be chosen to 
compromise betWeen a straight line, Which can appear 
unnatural, and the arc the node Would have taken in the nth 
root method, Which can require an excessive number of 
animation steps to appear smooth. The number of points 
could be chosen to ensure satisfactory animation. 

[0091] Walker routines 222 then perform an iteration of 
the animation loop for each node/position pair in the 
sequence, as indicated in box 322. In box 324, Walker 
routines 222 could ?rst lay out in the hyperbolic plane any 
pending edits of the tree, as described above in relation to 
box 312. Then, in box 326, Walker routines 222 could map 
the tree into the unit disk, beginning With the node and 
position from the next node/position pair as the starting node 
and the starting position, as described above in relation to 
box 314. 

[0092] When the tree has been mapped, painter routines 
224 can be called to paint the mapped tree in a display buffer, 
in box 328. During painting, painter routines 224 can mark 
neW edits that occur in the tree as a result of node creation 
as described above in relation to box 316. When painting is 
completed, a sWap of display buffers can be performed to 
present the tree as painted, thus providing a representation of 
the graph. 

[0093] When a neW edit is marked in box 328 by painter 
routines 224, the neW edit is laid out during the next 
iteration, in box 324. As a result, the animated sequence of 
representations, rather than shoWing a static node-link struc 
ture as in US. Pat. No. 5,629,632, shoWs a dynamic node 
link structure. The edits, hoWever, serve primarily to add 
features representing neW nodes along the outer perimeter of 
the representation as the representation makes the transition 
from the previous position to the destination position. As a 
result, the added features do not interfere With or reduce the 
perception of object constancy for features representing 
other elements. 

[0094] An insert/delete event could result When the user 
requests expansion or contraction of a node or requests some 
other modi?cation of the graph or the tree. An insert/delete 
event could also be received in the form of a call, and could 
thus provide a mechanism for automatic modi?cation of the 
graph or tree Without concurrent human control. In addition, 
an insert/delete event could result from signals requesting 
tWo or more separate changes, With data indicating the 
changes having been obtained pending a call for animation 
of all of the changes. An insert/delete event could include 
both deletion and insertion. 

[0095] In response to an event of this type, client 212 can 
?rst make appropriate calls to routines in memory 214 to 
determine Whether the requested modi?cation of the graph 
or tree is acceptable, in box 330. For example, a technique 
for determining Whether an expand signal is acceptable is 
described in relation to FIG. 7 of copending coassigned US. 
patent application Ser. No. 09/EEE,EEE (Attorney Docket 
No. D/98205Q4), entitled “Node-Link Data De?ning a 
Graph and a Tree Within the Graph”, incorporated herein by 
reference. 

[0096] If the requested modi?cation of the graph or tree is 
acceptable, client 212 can modify the graph or tree accord 
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ingly, making calls to routines in memory 214 as necessary. 
In the process of making the modi?cation, each element that 
could be inserted, deleted, or changed by the modi?cation, 
referred to herein as an “affected element”, is marked, such 
as by setting a ?ag or storing other appropriate data. If a 
node is selected by an expand signal or a contract signal, its 
parent is also an affected node, because the area allocated to 
the parent may change. For most other insert/delete events, 
only nodes that are inserted or deleted are affected. Client 
212 can then select a node as a stable node to be held at its 
previous position during animated presentation of the modi 
?cation. 

[0097] In many cases, the starting node used previously in 
mapping can be selected as the stable node, and it can be 
held at the previous starting position. In other cases, it may 
be desirable for client 212 to select a different stable node; 
for example, a node that is being expanded could be selected 
as the stable node, to be held at its current position, Which 
thus becomes the neW starting position. Therefore, unless 
client 212 selects a different stable node, the previous 
starting node and starting position are usually retained. But 
Where the previous starting node is being deleted, another 
node must be selected as the default stable node subject to 
change by client 212. 

[0098] When a deletion is being made, Walker routines 
222 can be called With the node IDs of the node being 
deleted and of its closest ancestor that Will remain in the tree 
being mapped after deletion. This ancestor can be found by 
Walking upWard from the node being deleted until an 
ancestor is reached that is not being deleted by the current 
insert/delete event. 

[0099] In response to this call, Walker routines 222 can test 
Whether the node being deleted is the previous starting node. 
If so, the identi?ed ancestor can be selected to replace it as 
the starting node. If the ancestor has been recently mapped 
to a position that is displayed and that is available, that 
position can be selected as the starting position. If the 
ancestor has not been recently mapped, or Was mapped to a 
position that is not displayed or that is not available because 
another element has noW been mapped there, the starting 
position can be the center of the unit disk. 

[0100] Also in box 330, client 212 could call Walker 
routines 222 With the stable node ID and position. Walker 
routines 222 can respond by performing an animation loop 
to present a sequence of representations in Which, ?rst, 
deleted nodes are contracted at their previous positions, and 
then inserted nodes are expanded at their neW positions, all 
While the stable node is held at its previous position. If the 
stable node cannot be held at its previous position because 
it Was not recently mapped or Was mapped to a position that 
is not displayed or is not available, it can be shifted to that 
position after deleted nodes are contracted With the previous 
starting node at the previous starting position, resulting in a 
sudden movement betWeen contraction and expansion. 
Walker routines 222 begin by setting up a sequence of 
Weights to govern the rate at Which the area allocated to each 
affected node changes during contraction and expansion. 
The Weights are separated by suf?ciently small increments 
to preserve object constancy during animation. 

[0101] Walker routines 222 then perform an iteration of 
the animation loop for each Weight in the sequence, as 
indicated in box 332. In box 334, Walker routines 222 could 
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?rst lay out in the hyperbolic plane the affected nodes and 
any pending edits of the tree, using the iteration’s Weight in 
the manner described in copending coassigned U.S. patent 
application Ser. No. 09/BBB,BBB (Attorney Docket No. 
D/98205Q1), entitled “Local Relative Layout of Node-Link 
Structures in Space With Negative Curvature”, incorporated 
herein by reference. Then, in box 336, Walker routines 222 
could map the tree into the unit disk, beginning With the 
stable node and position, as described above in relation to 
box 314. 

[0102] When the tree has been mapped, painter routines 
224 can be called in box 338 to paint the mapped tree in a 
display buffer. During painting, painter routines 224 can 
mark neW edits that occur in the tree as a result of node 
creation as described above in relation to boxes 316 and 328. 
When painting is completed, a sWap of display buffers can 
be performed to present the tree as painted, thus providing 
a representation of the graph. 

[0103] Whether there are pending edits or not, a series of 
iterations of the animation loop beginning in box 332 
produces representations of a dynamic node-link structure 
because of the deletions and/or insertions. In addition, 
affected elements move to neW positions from their positions 
prior to the deletions and insertions. The technique has been 
successfully implemented to produce object constancy dur 
ing these movements. 

[0104] After a representation is provided in box 316 or 
after an animation sequence is completed in box 322 or 332, 
another event can be received in box ii 302, as indicated by 
the circles labeled “A” in FIG. 6. 

[0105] C3. Layout 

[0106] FIG. 7 shoWs hoW layout can be initially per 
formed in box 300 in FIG. 6. FIG. 8 shoWs hoW layout of 
a changed node-link structure can be performed in boxes 
312, 324, and 334. 

[0107] As shoWn in box 350, Walker routines 222 begin 
initial layout by obtaining the root node ID and using it to 
access data relating to the root node in directed graph data 
structure 232. In box 352, Walker routines 222 lay out the 
root node by making a call to math routines 226 With an 
angle Width. This could be any suitable angle that produces 
a desirable result. The angles 2st and 313/2 have been suc 
cessfully used, With 275 appropriate for a center layout style 
and With 313/2 appropriate for a top, bottom, right, or left 
layout style. An interface could also be provided to modify 
this angle to obtain desirable results. 

[0108] In response, math routines 226 lay out the root 
node at the origin of the unit circle, at coordinates (0, 0); 
With an upWard orientation, at coordinates (0, 1); and With 
an angle half the angle Width. Then, Walker routines 222 
push the root node ID onto the front of a queue in box 354. 

[0109] In the remainder of FIG. 7, Walker routines 222 
iteratively traverse a set of elements of the tree de?ned by 
directed graph data structure 232, until the queue is empty, 
as indicated in box 360. Each iteration begins by getting the 
node ID from the back of the queue and using it to access 
data relating to the identi?ed node in directed graph data 
structure 232. 

[0110] In each iteration, the test in box 370 determines 
Whether the node has already been Walked in this traversal. 
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It not, in box 372, Walker routines 222 mark the node 
Walked; get the node IDs of the children; identify Which of 
the children are nonexpanded leaves, i.e. leaf nodes With no 
expanded incoming links; obtain the number of the children 
that are in the visible tree, as explained beloW; and call math 
routines 226 With the number N of children of the node that 
are in the visible tree to obtain arrays of angles and radii for 
the children in the visible tree, also explained beloW. 

[0111] For the operations in box 372, the number of 
children in the visible tree N, Which is a type of nearby 
relationship data, can be calculated in either of tWo Ways: If 
the current traversal is part of a sequence of steps that add 
nodes, N is equal to the sum of the number of children prior 
to the traversal plus the number of children being added. If 
the current traversal is part of a sequence of steps that 
remove nodes, N is simply equal to the number of children 
prior to the traversal. 

[0112] The arrays of angles and radii can be obtained in 
box 372 in a variety of Ways. In one successful implemen 
tation, each radius is set to the value 0.7, While each angle 
is set to the smaller of ((N*J'c)/18) and at. Thus, for N<18, a 
node’s angle Will depend on the number of its children that 
are in the visible tree. 

[0113] Then, in box 374, Walker routines 222 call math 
routines 226 to lay out the children. 

[0114] TWo general principles of layout are applied in 
implementing box 374: First, spacing and angle betWeen 
nodes are determined based only on information about 
nearby elements in the tree, i.e. nearby relationship data; 
and, second, the layout information obtained for each node 
indicates the relative position of a node to its parent in such 
a Way that the position of a node and all its children can be 
shifted by a small change in the data structure. 

[0115] A general strategy that can be folloWed is to start 
With a child’s radius and angle from box 372, obtain 
approximate distances the child needs, use the approximate 
distances to obtain a distance from the parent, then use the 
distance from the parent to obtain more precise distances for 
the child, and then optionally use the more precise distances 
to obtain even more precise distances, and so forth. 

[0116] According to the general strategy, if a child has 
radius R and angle 6) from box 372, the approximate 
distances D1 and D2 can be calculated as sin h(R) and 
tan(®/4), respectively. D1 and D2 can be used to obtain a 
total distance DT for all the children, Where each adjacent 
pair of children are separated by the greater of the sums of 
their D1s and D2s, i.e. DT=Z(max (D1(i)+D1(i+1), D2(i)+ 
D2(i+1))+max(D1(1), D2(1))+max(D1(N), D2(N)), Where 
the summation runs from i=1 to N-1, With N the number of 
children for Which layout is being performed. If the parent 
has an available angle 00, the distance DP from the parent can 
then be calculated as asinh(DT/W). The children can then be 
positioned along the circumference of a circle of radius DP 
centered at the parent With the angles betWeen them pro 
portional to their separations. DP can then be used to obtain 
more accurate distances for the children, as folloWs: 

[0117] D1‘ and D2‘ can then be used to obtain a more 
accurate distance DP‘ to the parent, as above, and so forth 
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until a desired level of precision is reached. At that point, the 
orientation of each child can be calculated as an angle offset 
from the orientation of the parent. 

[0118] Note that the distances described above are 
expressed in true metrics in the hyperbolic plane. Adistance 
D in the hyperbolic plane corresponds to a vector in the unit 
circle starting at the origin and going a distance tanh(D/2). 

[0119] The general strategy thus obtains layout informa 
tion based only on nearby relationship information about a 
node, its parent, and its siblings, including information about 
a sibling’s children in the visible tree, as described above in 
relation to box 372. The general strategy obtains layout 
information indicating the distance from a child to its parent 
and an angle representing the difference in orientation 
betWeen them. 

[0120] The general strategy has been implemented in 
softWare that goes through the children With tWo iterative 
loops, but uses the ?rst distance obtained Without attempting 
to obtain more precise distances in the manner described 
above in relation to the general strategy. The ?rst loop 
obtains and temporarily saves separations betWeen adjacent 
children and a “slice siZe” for each child, and also obtains a 
total separation. This information is then used to obtain the 
distance to the parent. The second loop then obtains and 
saves the relative orientation and area of each child. 

[0121] In the softWare implementation. if a child has 
radius R and angle 6) from box 372, distances D1 and D2 are 
calculated as set forth above in relation to the general 
strategy. D1 and D2 for each child are added to D1 and D2 
for the previous child to obtain S1 and S2. A total separation 
ST is increased by the maximum of the child’s S1 and S2, 
except for the ?rst and last children, for Which ST is 
increased by the maximum of the child’s D1 and D2. 

[0122] If the child’s S1 is greater than its S2, S1 is saved 
as the child’s separation, D1 is initially saved as the siZe of 
the child’s slice, and, for the second and subsequent chil 
dren, the previous child’s slice siZe is adjusted to be the 
minimum of its previous slice siZe and its S1. Conversely, if 
the child’s S1 is not greater than its S2, S2 is saved as the 
child’s separation, D2 is initially saved as the slice siZe, and, 
for the second and subsequent children, the previous child’s 
slice siZe is adjusted to be the minimum of its previous slice 
siZe and its S2. The last child’s slice siZe, hoWever, is 
adjusted to be the minimum of its previous slice siZe and the 
maximum of its D1 and D2, thus completing the ?rst 
iterative loop. 

[0123] Using the parent’s angle 00, the distance DP from 
the parent can then be calculated as the greater of tan h(asin 
h(ST/2u))/2) or 0.5. DP is saved as part of the data relevant 
to the parent node. 

[0124] For each child, the second iterative loop begins by 
calculating the angle (S/ST)2u), Where S is the saved sepa 
ration for the child. The angle (S/ST)2u) is added to a 
running total Which began at —2u). The running total is saved 
With other data relevant to the child. 

[0125] Math routines 226 can then calculate a neW angle 
for the child by calling a function similar to the function 
“inside-angle” at columns 67 and 68 of US. Pat. No. 
5,590,250, incorporated herein by reference. This function, 
referred to herein as “InsideAngle”, starts With a distance 
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(“dist”) that has been moved into a Wedge and an angle that 
is half of the Wedge. InsideAngle takes as the operative 
angle the smaller of the starting angle and (TE-E) Where 6 may 
have a very small value such as 0.0001, thus avoiding 
problems in calculation of arctangent. InsideAngle obtains 
the transformation that Would move a point at coordinates 
(dist, 0) on the unit circle to the origin. InsideAngle then 
applies this transformation to the complex coordinates of a 
point at the intersection of the perimeter of the unit circle 
With the ray starting at the origin Whose angle With the 
horiZontal is the operative angle. InsideAngle returns as the 
resulting angle the angle from the horiZontal of the ray from 
the origin through the transformed point. 

[0126] To obtain a child’s angle, InsideAngle is called 
With the distance DP and With an angle calculated by 
multiplying the child’s slice siZe from the ?rst iteration by 
2uu/ST. The angle returned by InsideAngle is compared With 
31/2, and the child’s angle is the smaller of the tWo. 

[0127] Before saving the child’s neW angle, math routines 
226 save the child’s previous angle. If the absolute value of 
the difference betWeen the old and neW angles exceeds a 
minimum value, math routines 226 also save data indicating 
that layout should continue, as discussed beloW. 

[0128] Finally, the second iterative loop obtains a child’s 
area or side space by calling a function similar to the 
function “room-available” at columns 67 and 68 of US. Pat. 
No. 5,590,250, incorporated herein by reference. This func 
tion, referred to herein as “RoomAvailable”, starts With a 
distance D that has been moved into a Wedge and an angle 
4) that is half of the Wedge. RoomAvailable returns a distance 
to the edge of the Wedge that is calculated by ?rst obtaining 
the ratio (1—D2)/2D, and by then dividing the ratio by sin(]) 
to obtain an initial distance S. RoomsAvailable then returns 

the distance ((S2—1)1/2—S). To obtain a child’s area, 
RoomAvailable is called With the same distance and angle 
that Were used in calling InsideAngle, as described above. 
The distance returned by RoomAvailable is saved as a 
measure of the child’s area. Although the softWare imple 
mentation described above can save additional data, it is 
based on the discovery that only tWo items of data need to 
be stored for each node in order to be able to perform layout 
and mapping as described herein and in relation to FIG. 6 of 
copending coassigned US. patent application Ser. No. 
09/CCC,CCC (Attorney Docket No. D/98205Q2), entitled 
“Mapping a Node-Link Structure to a Rendering Space 
Beginning from any Node”, incorporated herein by refer 
ence. One item indicates a distance or position displacement 
from the node to its children nodes in the hyperbolic plane. 
The other is an angle displacement in the hyperbolic plane 
betWeen the extension of the incoming link to the node’s 
parent and outgoing link from the parent to the node. These 
tWo items of data, or a handle that can be used to access 
them, can be included in a link’s data item in a directed 
graph data structure as illustrated in FIG. 6 of copending 
coassigned US. patent application Ser. No. 09/EEE,EEE 
(Attorney Docket No. D/98205Q4), entitled “Node-Link 
Data De?ning a Graph and a Tree Within the Graph”, 
incorporated herein by reference. 

[0129] The test in box 380 applies an appropriate criterion 
to determine Whether to continue layout to the next genera 
tion of nodes. As noted above in relation to box 374, the 
criterion can be Whether any child node’s angle has been 
















