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A Functional Approach to External Graph Algorithms !
J. Abello? A. L. Buchsbaunt,and J. R. Westbrodk

Abstract. We present a new approach for designing external graph algorithms and use it to design simple,
deterministic and randomized external algorithms for computing connected components, minimum spanning
forests, bottleneck minimum spanning forests, maximal independent sets (randomized only), and maximal
matchings in undirected graphs. Oy®lbounds compete with those of previous approaches. We also introduce

a semi-external model, in which the vertex set but not the edge set of a graph fits in main memory. In this
model we give an improved connected components algorithm, using new results for external grouping and
sorting with duplicates. Unlike previous approaches, ours is purely functional—without side effects—and
is thus amenable to standard checkpointing and programming language optimization techniques. This is an
important practical consideration for applications that may take hours to run.

Key Words. Connected components, External memory algorithms, Graph algorithms, Maximal matchings,
Maximal independent sets, Minimum spanning trees, Functional programming.

1. Introduction. Because classical algorithms often do not scale when data exceed
main memory limits, recent attention has focused on algorithms that process data in
external storage (disk and tape) [1], [6], [36]. While some external algorithms (e.g.,
for sorting [2]) closely resemble their RAM analogues, others seem to require different
approaches. Graph algorithms for RAMSs, in particular, seem poorly suited for direct
extension to external memory, because of the lack of locality in graph data. Current
approaches for designing external graph algorithms use either PRAM simulation tech-
niques [13], or else external data structures [4], [26] that do not completely address the
I /O implications of graph traversal.

We present a new divide-and-conquer approach for designing external graph algo-
rithms, which is simple to describe and implement. No sophisticated data structures
are needed. When unwinding the divide-and-conquer recursions, our algorithms effect
successions of graph transformations that reduce to sorting, selection, and a recursive
bucketing technique. We apply our techniques to devise external algorithms for com-
puting connected components, minimum spanning forests (MSFs), bottleneck minimum
spanning forests (BMSFs), maximal independent sets, and maximal matchings in undi-
rected graphs.

We focus on producing algorithms that are purely functional. That is, each algorithm
is specified as a sequence of functions applied to input data and producing output data,
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with the property that information, once written, remains unchanged. The function is
then said to have no “side effects.” A functional approach has several benefits. External
memory algorithms may run for hours or days in practice. As we argue below, the lack of
side effects on the external data allows standard checkpointing techniques to be applied
[27], [32], increasing the reliability of any real application. A functional approach is also
amenable to general purpose programming language transformations that can reduce
running time. (See, e.g., [37].)

Formally, we adapt the/D model of complexity as defined by Aggarwal and Vitter
[2]. We parameterize a problem instance as follows:

N = number of items in the instance,
M number of items that can fit in main memory,
B = number of items per disk block.

A typical compute server might hawd ~ 10° andB ~ 10°. In general, 1< B <
M/2, andM < N. For some of our randomized algorithms, we also assumeBthat
O(N/log® N) for some fixed integer > 0, where lo® N = N, and log’ N =
loglog’~Y N fori > 0. We present our algorithms in the single-disk model; extending
them to parallel disks remains open.

For a graph, we defin€ to be the number of verticeg, to be the number of edges,
andN =V + E. (We abuse notation and also ieandE to be the actual vertex and
edge sets; the context will clarify any ambiguity.)

Because our external algorithms rely on scanning and sorting as primitives, when
possible results are expressed in termsaf(N) = ©((N/B)logy,g(N/B)), the
number of JOs needed to soMl items [2], andscariN) = [N/B1], the number of
I/Os needed to transféM contiguous items between disk and internal memory. The
I /0O model stresses the importance of disk accesses over computation for large problem
instances. In particular, time spent computing in main memory is not counted. A goal of
external algorithm design is to replace factord\oin the time complexity by factors of
N/B in the I/O complexity (utilizing an entire disk block once it is read) and,ltagms
in the time complexity by log g terms in the IO complexity (dividing problems into
M/B subproblems at a time).

The functional 1 /O (FIO) modelis parameterized as above, but operations are re-
stricted to make only functional transformations to data, which do not change the input.
Once a disk block is allocated and written, its contents cannot be changed. This imposes
a sequential write-once discipline on disk writes. When results of intermediate compu-
tations are no longer needed, space is reclaimed, e.g., through garbage collection. The
maximum disk space active at any one time is used to measure the space complexity. All
of our algorithms use only linear space (i.©(N/B) disk blocks).

Consider the implication of the functional approach on checkpointing. The only infor-
mation recorded about external files by standard checkpointing techniques [27], [32] is
the file-descriptor table in the kernel: i.e., which files are assigned to which file descrip-
tors, and the current seek positions within each file. Overwrites to disk blocks after the
most recent checkpoint therefore interfere with the correctness of the recovery process,
because data is not preserved as at the time of the checkpoint. Alternative checkpointing
methods copy open files during checkpoints, but this can be prohibitively expensive if the
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files are massive (as in the case of external memory algorithms), even with lazy copy-
ing techniques [38]. A functional external algorithm, therefore, lends itself to correct
checkpointing, increasing its robustness.

1.1. Problem Definitions In all cases we assume that the input graphis presented
as an unordered list of edges, each edge a pair of vertices plus possibly a weight. We
consider the following problems:

Connected componentsA connected componeistthe edge set induced by a max-
imal set of vertices such that each pair of vertices is connected by a péth in
The output is alelineated lisbf edges{Ci, C,, ..., Ck}, wherek is the number
of components. Eac; is the list of edges in componentand the output is the
file of components catenated together, with a separator record between adjacent
components.

Minimum spanning forests. A minimum spanning fore$MSH is a spanning forest
that minimizes the sum of the weights of the edges. The output is a list of edges
in the forest, delineated by trees.

Bottleneck minimum spanning forests. A bottleneck minimum spanning forest
(BMSH is a spanning forest that minimizes the weight of the maximum edge.
The output is a list of edges in the forest, delineated by trees.

Maximal matching. A maximal matchindgs a maximal set of edges such that no two
edges share a common vertex. The output is a list of edges in the matching.

Maximal independent set. A maximal independent sit a maximal set of vertices
such that no two vertices are adjacent. The output is a list of vertices in the
independent set.

1.2. Results Our main contribution is the functional approach to external memory
algorithm design, which provides a uniform framework in which we can derive simple,
robust algorithms that match or slightly improve upon previous results for a host of graph
problems. Table 1 summarizes our results. For the external connected components, MSF,
and BMSF problems, the only known lower boungigsort(V)) [13]. (The BMSF lower

bound derives from that on connected components, given the stipulation of the output.)
No non-trivial lower bounds are known for external maximal matchings or maximal
independent sets.

Table 1.1/0 bounds for our functional external algorithms.

Deterministic Randomized
Problem yO bound yO Bound With probability
Connected components O(sort(E) + Ssort(V) log, %) O(sort(E)) 1— 2B
MSFs O(sort(E) + Esort(V) log, ) O(sort(E)) 1-—eR(E)
BMSFs O(sort(E) + Esort(V) log, ) O(sort(E)) 1-—eR(E)
Maximal matchings O(Esort(v) log, ) O(sort(E)) 1 — ¢ for any fixede

Maximal independent sets O(sort(E)) 1 — ¢ for any fixede
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Chiang et al. [13] give deterministic connected components and MSF algorithms
that useO(sort(E) log,(V/M)) 1/0s. The asymptotic/O complexities of our de-
terministic connected components and MSF algorithms are slightly better, because
(E/V)sort(V) = (E/B) IogM/B(V/B). Kumar and Schwabe [26] give algorithms for
breadth-first search (BFS, which can compute connected components) and MSFsthat per-
form O(V +sort(E) log,(M/B)) andO(sort(E) log, B+scanE) log, V) I /Os, respec-
tively. Our connected components algorithm is asymptotically better WhenM?/B,
and our MSF algorithm is asymptotically better whén< M B. While the above algo-
rithms of Chiang et al. [13] are functional, those of Kumar and Schwabe [26] are not.
Ourrandomized connected components and MSF algorithms matot@tipetformance
given by Chiang et al. [13].

The BMSF, maximal independent set, and maximal matching results are new. The
BMSF result derives directly from the MSF result; we state it to illuminate an open
problem that leads to a distinction in the relationship between the two problems in the
internal and external memory settings. The maximal independent set and matching results
come from straightforward externalizations of internal algorithms, but they emphasize
the utility of the functional design approach.

A recent paper by Munagala and Ranade [31] gives a determifistiax{1, log log
(VBP/E)}(E/V)sort(V)) 1/0 algorithm for connected components, whétds the
number of parallel disks. While this improves upon our determinigi@ bound for
connected components, some of our techniques (in particular the relabeling techniques
we describe in Section 3) can be used to simplify their implementation.

Finally, we consider aemi-externaiodel for graph problems, in which the vertices
but not the edges fit in memory. This is not uncommon in practice, and when vertices can
be keptin memory, significantly more efficient algorithms are possible. We design algo-
rithms, based on distribution sort [24], for external grouping and sorting with duplicates
and apply them to produce bettgd bounds for the semi-external case of connected
components.

There is much other work on external graph problems, in particular on depth- and
breadth-first search [9], [13], [26], [31], topological sorting [13], single-source shortest
paths [26], and transitive closure [13], [35]. Many of these rely heavily on graph traversal
(following an edge from one vertex to the next) and/or use heap data structures (discussed
in Section 2) and are not immediately amenable to our functional approach.

In Section 2 we sketch two previous approaches for designing external graph algo-
rithms. In Section 3 we describe our functional approach and detail a suite of simple
graph transformations. In Section 4 we apply our approach to design new, simple, deter-
ministic algorithms for computing connected components, MSFs, BMSFs, and maximal
matchings. In Section 5 we give randomized variants of our algorithms, including one
for maximal independent sets, with improvedl bounds. In Section 6 we consider
semi-external graph problems and give improv&d bounds for the semi-external case
of connected components. We conclude in Section 7.

2. Previous Approaches. While sorting and other “data rearrangement” problems are
well suited to external memory [2], graph problems do not generally present the data
locality needed to realize straightforward and efficient external-memory extensions of
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classical algorithms. The on-line nature of graph traversal makes it difficult both to
utilize a full disk block of edges once read (and so to redcéme bounds toN/B

I/0 bounds) and to divide a problem into many independent subproblems (and so to
reduce log x time bounds to log g X I/O bounds). External algorithms for some graph
problems have been designed, however, and here we sketch two current approaches for
doing so. (Munagala and Ranade [31] use neither approach to design their connected
components algorithm, exploiting an efficient undirected BFS algorithm instead. They
do use some results from Chiang et al. [13], in particular pointer jumping, which we
discuss in Section 3.)

2.1. PRAM Simulation Chiang et al. [13] show how to simulate a CRCW PRAM
algorithm using one processor and an external disk, thus giving a general method for
constructing external graph algorithms from PRAM graph algorithms.

Given a CRCW PRAM algorithm ol processors, the simulation maintains on disk
(1) a copy of main memory in an arrag, sorted by memory address, and (2) a state
array,T, of N elements. Lef\[i] (resp.,T[i]) be thei th element ofA (resp.,T). Location
T[i] contains the Q(1) size) current state of processor

A step of the PRAM algorithm is simulated as follows. Each step is begun with a list
D of tuples(d(i), i) whered(i) is the memory address that processwill read in this
step.D is then sorted by the first component (memory address) of each record. We can
then scarA andD in tandem, writing a lisR of recordg(r (i), i), wherer (i) = A[d(i)].

List Ris then sorted by second component (processor number), and the ReantetT
are scanned in tandem. For each proceisSiofi | is updated tal '[i] using the read value
r(i), and a listW of records(d(i), w(i)) is written, whered(i) is the memory address
written by processoi in the simulated step and(i) is the value written. At the same
time, the listD of read locations for the next step is generated. Ws sorted by first
component and scanned in tandem wAtto produceA’, the simulated contents of main
memory after the PRAM stefd;’ contains the updated processor states.

Each step of the PRAM algorithm thus requires three scans and three sorts of arrays of
size|T|, and two scans oA. Typically, therefore, a PRAM algorithm usimg processors
andN space to solve a problem of sikein timet can be simulated in external memory
by one processor usin@(t - sort(N)) I/0s. An extension to the simulation produces
the sameD(t - sort(N)) 1/0 bound for anyN-processorQ(N)-space PRAM algorithm
such that, after each of ldg stages, each of time the number of active processors and
memory cells that will ever be used again is reduced by a constant factor.

The PRAM simulation works in the FIO model, if each step writes new copids of
and A. To the best of our knowledge, however, no algorithm based on the simulation
has been implemented. A direct implementation would require not only a practical
PRAM algorithm but also either a meticulous directimplementation of the corresponding
external memory simulation or a suitable low-level machine description of the PRAM
algorithm together with a general simulation tool. Rather, PRAM simulation is typically
used to prove the existence of an external memory algorithm of a gi@ndmplexity.

For example, Chiang et al. [13] describe the application of PRAM simulation to derive
O(sort(E) log,(V/M))-1/0 connected components and MSF algorithms from the work
of Chin et al. [14]. The functional approach captures many of the results possible with
PRAM simulation and also produces robust algorithms, amenable to checkpointing.
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2.2. Buffering Data Structures Another recent approach is based on external variants
of classical internal data structures. Arge [4] introdulceSer treeswhich support se-
quences ofinsert, delete, and deletemin operationselementsirO((1/B) logy, g (N/

B)) amortized yOs each. Kumar and Schwabe [26] introduce a variant of the buffer tree,
achieving the same heap bounds as Arge. Later works by Brodal and Katajainen [8] and
Fadel et al. [17] focus on improving the® complexity for individual operations. These
bounds are optimal, since the heaps can be used to sort externally. Kumar and Schwabe
[26] also introduce externaburnament treesThe tournament tree maintains the ele-
ments 1 toN, each with a key, subject to the operations delete, deletemin, and update.
Deletemin returns the element of minimum key. Update takes gpdiy, and sets the

key of x to min{key(x), k}: i.e., it reduces the key ofto k if and only if the current key
exceedk. Each tournament tree operation tak®g1/B) log,(N/B)) amortized JOs.

The data structures of Arge [4] and Kumar and Schwabe [26] closely resemble clas-
sical, tree-based internal heaps. Each node maintains a large buffer (e.g. oM dme
some O< ¢ < 1) that stores operations. An operation (insert, delete, etc.) is performed
by adding it to the buffer of the root node. When a buffer becomes full, its operations are
percolated to the appropriate children buffers. An operation is effected when it “meets”
its operand in the tree. The maintenance procedures on the data structures are intuitively
simple but can involve many implementation details. In general, internal memory lim-
itations require that buffer emptying be performed in two stages (emptying half of a
buffer, recursively considering buffers of children, and then repeating to empty the rest
of the buffer), although in practice, simple one-stage versions can be implemented for
a restricted set of operations. Fadel et al. [17] describe a different tree-based data struc-
ture. Rather than maintain a tree, Brodal and Katajainen [8] maintain a set of sorted lists,
similarly subject to buffered updates, which engender incremental merges of the lists.

None of these data structures is functional. The tree-based structures [4], [17], [26]
require in situ replacement of nodes stored on disk; Brodal and Katajainen’s [8] update
scheme also relies on in situ replacement of disk blocks, to effect efficient catenation of
lists undergoing merging. The node-copying techniques of Driscoll et al. [15] could be
used to make them functional: any time a disk block is to be overwritten, a new, suitably
modified, copy is created instead. This incurs significant exttadverhead, however,
because any blocks pointing to the modified block must be likewise updated to point to
the new copy; such updates thus percolate to the root of the structure. The number of
I/Os required to modify a node in a tree (resp., list), therefore, would be proportional to
the depth of the tree (resp., length of the list).

Finally, while such data structures excel in computational geometry applications,
they are hard to apply to external graph algorithms. Consider computing an MSF. The
classical greedy algorithm maintains a growing MBFand a heap of vertices outside
F. Each step performs a deletemin to attach the closest vertexF. Each neighbor,

w, of v is considered in turn. Ifv becomes closer t& by way of v, thenw’s key in
the heap is decreased. (If the heap does not admit an appropriate update operation,
deleted and re-inserted into the heap.)

There are two obstacles to this approach in the external version of the algorithm. First,
finding the neighbors of is non-trivial, involving the creation of and indexing into an
adjacency list, which incurs at least on®lfor each vertex. Second, given a neighbor
w, determining the current key af (distance ofw to F) is problematic, for the data
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structures do not permit arbitrary searches. Without the key, however, it is impossible to
know whether or not to perform the update operation in the first place.

Intuitively, while the update operations on the external data structures can be buffered,
yielding efficient amortized/IO complexity, standard applications of these data struc-
tures in graph algorithms require certain queries (e.g., key finding) to be performed
on-line. Current applications of these data structures thus require ancillary data struc-
tures to obviate this problem, increasing th®land implementation complexity. For
example, Kumar and Schwabe [26] extend the classical undirected BFS and greedy MSF
algorithms to the external setting. They attack the key-finding problem using both the
tournament tree, with its particular update operation, and a heap, with keys encoded to
record the update strategy that should be effected as the algorithm progresses.

3. Functional Graph Transformations. Inthis paper we utilize a divide-and-conquer
paradigm based on a few graph transformations that, for many problems, preserve certain
critical properties. We implement each stage in our approach using simple and efficient
techniques: sorting, selection, and bucketing. We illustrate our approach with connected
components. Le6G = (V, E) be a graph. Le€C(G) C V x V be a forest of rooted
stars (trees of height one) representing the connected compon&t3lodt is, ifrg (v)
is the root of the star containingin CC(G), thenrg(v) = rg(u) if and only if v andu
are in the same connected componertbin

We define a contraction operation on vertex pairs: given a g@ptontractinga
pair of vertices{x, y}, adds a new vertex, called asupervertexto G, deletes vertices
x andy, and replaces all edges of the fofion, x} and {u, y} with the corresponding
edges{u, z}, discarding any loop edg€dg, z}. (This generalizes the usual notion of
contraction, by allowing the contraction of vertices that are not adjacéhf)i@onsider
a set,E’, of vertex pairs, and le&/E’ denote the result of contracting all vertex pairs
in E’. Intuitively, the contractions happen simultaneously; e.dx.ify} and{y, z} exist
in E’, thenx, y, andz are contracted into the same supervertex. More precisely, let
E' = {{X, "1}, ..., {X¢, Ye}}. Let G’ = G/{{X1, y1}}, and letz be the supervertex into
whichx; andy; were contracted. Consider the remainingBét= E" \ {{x1, y1}}, such
that each occurrence &f andy; in pairs inE” is replaced by. ThenG/E’ is defined
to beG’/E”, andG/¢ is defined to bes.

For anyx e V, let s(x) denote the supervertex i@ = G/E’ into which x is
ultimately contracted; let(x) = x if x is not in any pair inE’. The following lemma
shows how contraction preserves connected components.

LEMMA 3.1. If each pairin E contains two vertices in the same connected component
in G, then for any u v € V, u andv are in the same connected component in G if and
only if s(u) and gv) are in the same connected component in G

ProOOF Consider any edgfl, v} in G. By definition of contraction, eithex(u) = s(v)
or else{s(u), s(v)} is an edge irG’. Thus, for any path connecting two verticesand
b, in G, there is a corresponding (perhaps null) path connestiagands(b) in G'.
Now consider any edggt, v} in G. Lets™1(u) (resp..s~1(v)) be the set of vertices
in G that were contracted inte (resp.,v). By assumption, all vertices in eachof (1)
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ands1(v) are in the same connected component. By definition of contraction, therefore,
there exists a path i connecting each vertex sr1(u) with each vertex irs™(v).

Thus, for any path connecting two verticesandg, in G’, there is a corresponding path
connectinga andb in G for all a € s™*(«) and allb € s71(8). O

We also define a relabeling operation. Given a rooted fofests an unordered
sequence of oriented tree edgép(v), v), ...}, and an edge sdt, relabeling pro-
duces a new edge sBiL(F, 1) = {{r(u),r(v)} : {u,v} € I}, wherer(x) = p(x)
if (p(x), X) € F, andr(x) = x otherwise. That is, for each edf¢e, v} € |, each ofu
andv is replaced by its respective parent, if it existsFin

Using contraction and relabeling, we derive the following simple algorithm to compute
CC(G), represented as an edge list:

Algorithm CC

Let E; be any half of the edges &; let G; = (V, Ey).
ComputeCC(G,) recursively.

LetG' = G/CC(Gy).

ComputeCC(G’) recursively.

CC(G) = CC(G") URL(CC(G), CC(GY)).

aprwNE

LEMMA 3.2, AlgorithmCC correctly computes C@), a forest of rooted stars corre-
sponding to the connected components of G

PrROOF SinceCC(G,) is a forest of stars, we can assume without loss of generality that,
when contracting bfC(G1), we use the root of each star as the canonical supervertex
for its component. Each vertex @' thus corresponds directly to its counterpartin
which is either the root of a star C(G;) or a vertex not included in any edge®;.

By definition, two vertices are in the same sta€i@(G;) only if they are in the same
connected component iB. Lemma 3.1 thus shows that two vertices are in the same
connected component@® if and only if they are in the same connected compone@tin
ConsiderF = CC(G’) UCC(Gy). F is a forest of depth two, which, by the above argu-
ments, represents the connected componer@s dhe relabelindRL(CC(G’), CC(Gy))
effects a round of pointer jumping dn: each vertex of depth two becomes a child of
the root of its tree. ThuEC(G) as defined in step 5 is a forest of rooted stars. O

We generalize the above into a purely functional approach to design external graph
algorithms. Formally, letf»(G) denote the solution to a graph problem P on an input
graphG = (V, E). For a subgraple; = S(G) C E of G, let T; be a transformation
that combine<s and the solutionf»(G;) to create a new subgrapB,. Let T, be a
transformation that maps the solutiofis (G;) and fp(G;), to a solution toG. We
summarize the approach as follows:

1. G]_ < S(G),
2. Gy < Ti(G, fp(Gy));
3. fp(G) = Ty (G, Gl, Gz, fp(Gl), fP(GZ))
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In the connected components examlg(G) was the forest of rooted stars corre-
sponding to the connected component&ofs; = S(G) was a subset of half the edges
of G; G, = Ti(G, fp(G1)) was the contraction o5 with respect to the connected
components 05(G); andT,(G, G4, Ga, fp(G1), fp(G2)) was the re-expansion of the
rooted stars infp (G») into the solutionfp (G).

It is critical to realize that the transformations must preserve both solutions and
non-solutions to P. For example, contraction preserves the connected components of a
graph, so we can use it as above in a divide-and-conquer scheme to compute connected
components. Onthe other hand, while contraction preserves planarity, it does not preserve
non-planarity: non-planar graphs contain planar minors. Thus, itis not clear that we could
devise an external memory planarity testing algorithm using contraction in such a divide-
and-conquer scheme. In general, alemma analogous to Lemma 3.1 must be demonstrated
with respect to the transformations used.

Our approach is functional 8, T;, andT, can be implemented without side effects on
their arguments. Below we show how selection, relabeling, contraction, and (vertex and
edge) deletion can be implemented functionally. In the following sections we use these
tools to design functional external algorithms for computing connected components,
MSFs, BMSFs, maximal independent sets, and maximal matchings.

3.1. Selection Let!| be alist of items with totally ordered keySelect (l,k) returns
thekth biggest element frorh, including multiplicity;i.e.|{x € | : x < Select (I,Kk)}| <
kand|{x € | : x < Select (I, Kk)}| > k. We adaptthe classical algorithm feelect (l,k)

[3]. Aggarwal and Vitter [2] use the same approach to select partitioning elements for
distribution sort:

1. Partitionl into cM-element subsets, for some<0c < 1.

2. Determine the median of each subset in main memorySlba the set of medians
of the subsets.

m <« Select (S, [S/2]).

Letly, |5, I3bethe sets of elements less than, equal to, and greatenthespectively.
If |11] > k, then returrBelect (I, k).

Else if|11] + |l2] > k, then returrm.

Else returrSelect (I3, k — [I1] — [I2]).

NogA~W®

LEmMA 3.3. Select (I,k) can be performed in Gcar(|1])) I/Os in the FIO model

PrROOF LetT(|l|) be the number of/lOs needed to perfori@elect (I,k) for anyk.
The analysis mimics that of the time taken by the classical algorithm [3].

The partitioning ofl into cM-element subsets and calculation of the medians can
be performed in one scan of Similarly, givenm, the formation of the sublistl, I,
and |3 can be performed in one scan kaf Computingm recurses orl /cM elements.
One-half of the elements i are no less tham; each such elementy, was the
median of a subset, and so one-half of the elements in that subset were no less than
m'. Thus, at least one-quarter of the elements$ are no less tham. Symmetrically,
at least one-quarter of the elementslimre no greater tham, and so theSelect s
in steps 5 and 7 recurse on no more than three-quarters of the elemént$has,
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T(l) <2-scan(l) + T(|l|/cM) + T(3|1|/4); by induction, T (|I|) = O(scar(|!)),
assuming without loss of generality tha¥l > 5. O

3.2. Relabeling Given forestF and edge set, we construct the relabelindg; =
RL(F, 1) defined above, as follows:

1. SortF by source vertexy.

2. Sortl by second component.

3. Proces$- andl in tandem.
(a) Let{s, h} € | be the current edge to be relabeled.
(b) ScanF starting from the current edge until finding(v), v) such thaw > h.
(c) If v =h, then adds, p(v)} to |”; otherwise, adds, h} to 1”.

4. Repeat steps 2 and 3, relabeling first components of eddésdnconstruct ’.

As shown in AlgorithmCC, relabeling can be used to effect pointer jumping, a
technique widely applied in parallel graph algorithms [20]. Given a rooted férest
{(p(v), v), ...}, pointer jumpingproduces a new rooted foreBt = {(p(p(v)), v) :
(p(v), v) € F}; i.e., eachv of depth two or greater ifr points inF’ to its grandparent
in F. (Definep(v) = v if vis arootinF.) Our implementation of relabeling is similar
to Chiang’s [12] implementation of pointer jumping.

LEMMA 3.4. Relabeling an edge list | by a forest F can be performed {8@(|I |) +
sort(|F|)) I/Os in the FIO model

PrRoOOF Step 1 use®(sort(|F|)) I/Os; step 2 use®(sort(|1])) 1/0s; step 3 uses
O(scan(|F|+ |I])) I/Os. O

3.3. Contraction Define asubcomponertb be a collection of edges among vertices
in the same connected componentGfsubcomponents need not be maximal. Given
a graphG and a listC = {C4, C,, ...} of delineated subcomponents, thentraction
of G by Cis defined as the grap/C = G|, whereGy, = G, and fori > 0,
Gi = Gi_1/C;. That is, the vertices of each subcomponentCiare contracted into a
supervertex.

Let | be the edge list o6, and assume that ea€h is presented as an edge list. (If
each is input as a vertex list, the following procedure can be simplified.) We form an
appropriate relabeling tbto effect the contraction, as follows:

1. ForeaclC; = {{uq, v1}, ...}

(@ R < 4.

(b) Picku; to be the canonical vertex.

(c) Foreachx, y} € Ci, add(uy, X) and(uy, y) to relabelingR; .
2. Apply relabelind J; R to I, yielding the contracted edge lit

For eaclC;, one vertexy, is picked to be the canonical vertex into which all others
will be contracted. Step 1(c) adds an éug, v) to the relabeling forest for each vertex
in C;. The resultR;, is a star, rooted at;, with a leaf for each other vertex that appears
in C;. Each subcomponert;, thus gets contracted into its canonical vertex in step 2.
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LEMMA 3.5. Contracting an edge list | by a list of delineated subcomponents C
{Cq, Cy, ...} can be performed in Gort(|1 ) + sort(}_; |Ci|)) I/Os in the FIO model

PrOOF  Step 1 use®(scar(|1)) I/Os and produces a relabeling forest of $iZe|C; |.
Applying Lemma 3.4 yields the final result. O

We can also save with each contracted edge the corresponding original edge. As we
will see in Section 4.1, this facilitates later re-expansion.

3.4. Deletion Given edge listd andD, it is straightforward to construdt = 1\D:
simply sortl andD lexicographically, and process them in tandem to construtom
the edges in but notD.

Similarly, given a vertex list), we can construdt” = {{u,v} € | tu¢ U Av €U}
SortU, and then sort by first component; then procedsandl in tandem, constructing
list I’ of edges inl whose first components are not th. Then sortl’ by second
component, and process it in tandem withconstructing list ” of edges inl” whose
second components are notlin We abuse notation and writ¢ = |\U whenU is a
set of vertices.

LEmMMA 3.6. Deleting a vertex or edge set of cardinality N from an edge set | can be
performed in @sort(|1]) + sort(N)) 1/0s in the FIO model

4. Deterministic Algorithms. We adapt AlgorithmCC and use the transformations
from Section 3 to produce efficient, deterministic, functional external algorithms for
computing connected components, MSFs, BMSFs, and maximal matchings of undirected
graphs.

4.1. Connected ComponentdSFs and BMSFs

LEMMA 4.1. AlgorithmCC runs in O(sort(E) log,(E/M)) 1/Os in the FIO model

PrROOF Step 1runsi®(scanE)) I/Os. Sorting the edge list correspondin@t6(G1)

by target vertex suffices to deline@€(G;) by component, so step 3 runs@sort(E))
I/Os, by Lemma 3.5. Step 5 runs @(sort(E)) 1/0s, by Lemma 3.4. Each of steps 2
and 4 recurses on at most half the original edges. Thus(H) denotes the overall
number of JOs incurred on a graph d edges, we have that(E) < O(sort(E)) +

2T (E/2). We stop the recursion when a subproblem fits in internal memony(E9 =
O(sort(E) log,(E/M)). O

THEOREM4.2. The delineated edge list of components of a graph can be computed in
O(sort(E) + (E/V)sort(V) log,(V/M)) I /Os in the FIO model

ProOOF It sufficesto compute afores$t, of rooted stars corresponding to the connected
components, becauge can be used to delineate the original edge lisOisort(E))
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I/Os. We label each edge i with its component inO(sort(E)) 1/0s, by sortinge
(by, say, first vertex) ané (by source vertex) and processing them in tandem to assign
component labels to the edges. This creates a new labeled edg€ ligfe then sorg”
by label, creating the desired outgtit

Thus, if E < V, we are done, by Lemma 4.1. Otherwise, we apply the sparsifi-
cation idea [16], partitioninge into [E/ V1 lists of no more than/ edges each. We
compute the forest of rooted stars corresponding to the connected components of each
sublist, in O((E/V)sort(V) log,(V/M)) 1/0s overall by Lemma 4.1. We then iter-
atively merge pairs of forests, each time replacing two such forests by the forest of
rooted stars corresponding to the connected components of their union. Again, this takes
O((E/V)sort(V) log,(V/M)) 1/0s overall by Lemma 4.1. That the resulting forest
corresponds to the connected components of the original graph is shown by the same
correctness proof of Algorithnr€C. To see this, note that the correctness proof does
not depend on the number of edges selected in step 1. The sparsification approach
is equivalent to selectiny edges in step 1 iE > V, and selectinge/2 edges
otherwise. O

Algorithm CC specializes the standard greedy algorithm for MSFs by assuming that
all weights are uniform. We thus derive Algorith#SF, denoting byMSHG) an MSF
of G, presented as an edge list.

Algorithm MSF

1. LetE; be any lowest-cost half of the edge@fi.e., every edge it \ E;
has weight at least that of the edge of greatest weigli;in_et G; =
(V, Ep).

2. ComputeMSKHG,) recursively.

3. LetG’' = G/MSHG;,).

4. ComputeCC(G’) recursively.

5. MSKG) = EX(MSKG')) U MSKG,).

The transformatioEX(G’) expandsa contracted grapks’ as follows. During the
contraction that create@’, each edge incident upon a supervertex corresponds to one
original edge, which is included in the record for the new edg4G’) replaces each
contracted edge by its corresponding original edge. In Algorith®&# the contraction
in step 3 determines the original edges as follows. Consider contracting vertoesy
into supervertex. For each vertex incident upon either or both afandy, a contracted
edge{z, u} is created. The edggx, u} or {y, u} of smaller weight is chosen as the
original edge to install in the record f¢g, u}. In case of a tie, either may be chosen
arbitrarily. The original edges are carried through the recursive calls; i, if} or
{y, u} were themselves contracted edges, then, having chosen the edge of minimum
weight between them, its corresponding original edge is installed as the original edge
for {z, u}. Correctness of AlgorithiMSF then follows by correctness of the standard
greedy algorithm for MSFs [25].

THEOREM4.3. AnMSF of agraph can be computed irig0rt(E)+(E/V)sort(V) log,
(V/M)) I/Os in the FIO model
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PrRoOOE The proof follows that of Theorem 4.2, using Lemma 3.3 to show that step 1
takesO(sort(E)) I/Os. The only complication is that the MSF returned in step 2 must
be delineated by components in order to apply Lemma 3.5 to perform the contraction in
step 3. To do so, we annotate the forest returnelB¥(-) with a corresponding forest

of rooted stars representing the components. In step 5, we combine the two rooted-star
forests representing the componentM&H G1) andMSHG’) as in step 5 of Algorithm

CC. To produce the final result, we need only delineate the edge IdISH G) as in

the proof of Theorem 4.2. O

Algorithm MSF effects the standard greedy algorithm for computing a maximum-
weight basis of a matroid [39] as applied to graphic matroids. Given appropriate external
contraction and relabeling procedures, similar algorithms can be implemented for other
matroids.

Recall now that &ottleneck minimum spanning foréBMSFH minimizes the maxi-
mum weight of an edge. Since an MSF is also a BMSF, telound in Theorem 4.3
also applies to computing a BMSF.

We mention the BMSF problem because the internal BMSF algorithm of Camerini
[10] runs in O(E) time, faster than any known deterministic, comparison-based MSF
algorithm. Camerini’s algorithm is a one-sided recursion. If the lower-weighted half of
the edges span the graph, they contain a BMSF, and so the upper half can be discarded.
Otherwise, any BMSF contains an edge from the upper half, and so the lower half can
be contracted.

Whether BMSFs can be computed externally more efficiently than MSFs is an open
problem. If we could determine whether or not a suliSet E spans a graph ig(E’)

I/Os, then we can use that procedure to limit the recursion to one-half of the edges of
as in the classical BMSF algorithm. This would reduce #@ tomplexity of finding a
BMSF to O(g(E) + sort(E)) (sort(E) to perform the contraction).

4.2. Maximal Matching Given a matching\, denote by (M) the set of vertices
matched byM. We can use the framework of Algorith8C to find a maximal matching
of a graphG = (V, E), denotedMM(G).

Algorithm MM

Let E; be any non-empty, proper subset of edge&plet G; = (V, Ej).
ComputeMM(G;) recursively.

LetE' = E\V(MM(Gy)); letG' = (V, E').

ComputeMM (G’) recursively.

MM(G) = MM(G’) U MM(Gy).

agrLNRE

THEOREM4.4. A maximal matching of a graph can be computed if{(EY V)sort(V)
log,(V/M)) 1/Os in the FIO model

ProOF Deleting matched verticesMM (G1) from G leaves a grap’ whose vertices
are disjoint fromMM(G;). Uniting a maximal matching &’ with MM (G;) produces
a maximal matching ofz, by the assumption of maximality &M (G1), and thus
Algorithm MM is correct.
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The analysis of the/IO complexity follows thatin the proof of Theorem 4.2Hf< V,
then we choosé& /2 edges in step 1; otherwise, we chodsedges. By Lemma 3.6,
step 3 can be performed @(sort(N)) I/Os, whereN is the number of edges selected
in step 1. O

To the best of our knowledge, the previous best result for external maximal match-
ing is O(sort(E) log3 V) 1/0s, which can be obtained by applying PRAM simulation
techniques to the algorithm of Israeli and Shiloach [19].

5. Randomized Algorithms. We show how to externalize the randomized linear-time
MSF algorithm of Karger et al. [21]. The result is randomized functional algorithms
for connected components, MSFs, and BMSFs that ifiz(gort(E)) |/Os with high
probability. Similar approaches were suggested by Chiang et al. [13] and Mehlhorn [30].

We can also implement randomized functional external algorithms for maximal in-
dependent sets and maximal matchings, based on algorithms by Luby [28] and Yang et
al. [40], respectively. Each us€&xsort(E)) | /Os with probability arbitrarily close to 1.

5.1. Connected ComponentsISFs and BMSFs Consider a weighted grap@ =

(V, E). A Borlvka step[7], [21] selects and contracts the edge of minimum weight
incident on each vertex. (Ties are broken lexicographically. Y@@ steps are useful
for two reasons. First, each Bka step at least halves the number of vertices in the
graph. Second, it preserves the MSF of the contracted graph. More precis€lyjdet
graph, letF be a subgraph db contracted in a Baivka step, and le®’ be the resulting
graph. Then the MSF d& is the MSF ofG’ plus the edges iifr.

LEMMA 5.1. If B = O(N/log"” N) for some fixed integer# 0, then a Botivka step
can be performed in Gort(E)) 1/0s in the FIO model

ProOF We implement the Bawvka step as follows. IfD(sort(E)) |/Os we identify
the minimum weight edge incident on each vertex: in turn, sort by first and second
components of each edge and scan to select the minimum weight edge. Call the set of
edges choseR.

SinceF is a forest, it belongs to a family of sparse graphs closed under edge contrac-
tion. Therefore, we can find its connected componen@(sort(V)) | /Os using a result
of Chiang et al. [13]. (As noted in Section 2.1, the techniques of Chiang et al. are func-
tional. The assumption th& = O(N/log" N) for some fixed integer > 0 underlies
the list-ranking results used by Chiang et al. to find the components.) Labeling each edge
in F by its connected component allows us to rearrange the edges into a list delineated
by component, irO(sort(E)) I/0s. We can then contra& by F in O(sort(E)) 1/0s,
by Lemma 3.5. O

Arge [4] shows how to eliminate the restriction @) although the result is not
functional. Kumar and Schwabe [26] also effect alBda step without this assumption,
again, though, not in a functional manner.
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Karger et al. [21] combine Bowka steps with a random selection technique that
also at least halves the number of edges, resulting in a linear-time randomized MSF
algorithm, which we can directly externalize. Their algorithm proceeds as follows:

1. Perform two Bauvka steps, which reduces the number of vertices by at least a factor
of four. Call the contracted graph'.

2. Choose a subgragh of G’ by selecting each edge independently with probability
1/2.

3. Apply the algorithm recursively to find the MSFof H.

4. Delete fromG’ each edgéu, v} such that (1) there is a patRy(u, v), fromuto v in
F and (2) the weight ofu, v} exceeds that of the maximum-weight edgeRyu, v).
Call the resulting grapks”.

5. Apply the algorithm recursively t&”, yielding MSFF’.

6. Return the edges contracted in step 1 together with thosé in

THEOREM5.2. If B = O(N/log" N) for some fixed integer i 0, then an MSF of
a graph can be computed in (@ort(E)) |/Os with probabilityl — e=%® in the FIO
model

PrOOF Karger et al. [21] prove the correctness of the above algorithm. We can per-
form step 1 inO(sort(E)) |1/0s, by Lemma 5.1. Step 3 recurses on a subgraph with
(expected) half the original edges. Step 4 can be accomplished via an MSF verification
step [21], which can be performed@((E/V)sort(V)) = O(sort(E)) 1/0s [13]. (The
restriction onB applies to the MSF verification step as well as thelB&a step. Again,

the techniques of Chiang et al. [13] are functional.) Karger et al. [21] showGHat

has, on expectation, about/4 vertices and/ /8 edges, wher¥ is the original vertex

set. Using these facts in the proof of Theorem 4.3 of Karger et al. [21] completes the
proof. O

COROLLARY 5.3. If B = O(N/log"” N) for some fixed integer i~ 0, then the de-
lineated edge list of components of a graph can be computed$or®@E)) 1/0s with
probability 1 — e~ %® in the FIO model

PrROOF The MSF of the graph yields its connected components. O

COROLLARY 5.4. If B = O(N/log"” N) for some fixed integer i 0, then a BMSF
of a graph can be computed in(€ort(E)) | /Os with probabilityl — e %® in the FIO
model

PROOF Any MSF is also a BMSF, so we can apply Theorem 5.2. O

5.2. Maximal Independent Sets and MatchingRecall Luby’s randomized maximal
independent set algorithm [28]:

1.1 <@V <« V;E <« E.
2. Setd(v) to the degree of vertex, Vv € V'.
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3. Markv with probability /2d(v) if d(v) > 0 and probability 1 id(v) = 0,Vv € V'.
4. For eacHu, v} € E’ such that botlu andv are marked, ifi(u) < d(v), then unmark
u; otherwise unmark.

I”" < {veV :vismarked;| < Ul Y < I'U{ve V' :3{u,v}e E'suel’l}.
V'« V\Y; E' < E\Y.

7. If V' #£ (, repeat from step 2.

o u

THEOREMS.5. For any fixede, a maximal independent set of a graph can be computed
in O(sort(E)) 1/0s with probability at leasl — ¢ in the FIO model

PrOOF Luby [28] shows that is a maximal independent set at the completion of the
algorithm. Each of steps 2—6 can be performe®igsort(E)) |/0Os. Step 2 sort& (in
turn by each vertex) and then scahso compute the vertex degrees, producing alist
containingd(v) for each vertex. Step 3 scanb to compute a lisK of marked vertices.
Step 4 scan¥, D, andE in tandem to apply the marks and degrees to the vertices. (This
requires a second sort &, by the second vertex component, and scan to mark both
components oE.) ThenE is scanned to produce a li¥t of vertices to be unmarked.
X <« X\ X’ can be computed by sorting’ and scanning it in tandem witK. Step 5
sortsl’ and scans it in tandem with’ to produceY. Step 6 take®©(sort(E)) 1/0s, by
Lemma 3.6.

Let T (E) be the number of/lOs used by the algorithm. Luby [28, Theorem 1] shows
that step 6 reduces the number of edges by an expected factor of at least one-eighth.
Theorem 1.4 of Karp [22] thus shows that

Pr[T(E) > 8+ w)sort(E)] < (§)”

for every positive integew. O

Maximal matchings of a grapfs correspond to maximal independent sets of its
associated line graph,(G) [23]. L(G) can have as many & edges, however, and so
Theorem 5.5 would give afi© bound ofO (sort(E?)) for finding a maximal independent
set ofL(G) (and thus a maximal matching &). We therefore implement randomized
external maximal matching directly, using the following algorithm of Yang et al. [40]
(which is based on a similar algorithm by Israeli and Itai [18]):

1. M <« 0.

2. Setthe label ob to O with probability 2 and to 1 with probability 12, Vv € V.

3. For eactu € V such thau is labeled 1, pick any adjacentsuch that is labeled
0. (If u has no adjacent O-labeled vertex, themakes no choice.) LeE’ be the
resulting set ofu, v} edges.

4. LetV’ be the O-labeled vertices among the edgeR'inFor eactw € V’, pick any

one incident edgév, w} € E’. (Note thatw is labeled 1.) LeE” be the resulting set

of {v, w} edges.

M <~ MUFE".

E < E\E".

7. If E # 0, repeat from step 2.

o u
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THEOREMb5.6. For any fixede, a maximal matching of a graph can be computed in
O(sort(E)) 1/0s with probability at leasl — ¢ in the FIO model

ProOOF Step 3 induces a set of staks, each with a root labeled 0 and leaves labeled
1. Step 4 picks one edge from each star. TB($s a matching, and, at termination, M is
a maximal matching, by steps 5 and 6.

Step 2 take®©(scanV)) I /Os; we can assume thdtis sorted by vertex at a one-time
cost of O(sort(V)) 1/0s. Each of steps 3—6 can be implemente®iisort(E)) 1/0s.
Step 3 sortE& in turn by each edge component and traverses it in tandemttittassign
vertex labels to the edge components. A second scarfsarted by the first, or 1-labeled,
component) suffices to produgg. Step 4 then sortg’ by the second component (0-
labeled vertex) and scans the sorted list to fd&fh Step 6 take®© (sort(E)) 1/0s, by
Lemma 3.6.

Let T(E) be the number of /lOs used by the algorithm. Yang et al. [40, Lemma
2] show that step 6 reduces the number of edges by an expected factor of at least
n = 1 [1— e Y3]. Theorem 1.4 of Karp [22] thus shows that

Pr|:T(E) > (% + w) sort(E)] <A-n"

for every positive integew. O

6. Semi-External Problems. We now considesemi-externagiraph problems, when

V < M butE > M. These cases often have practical applications, e.g., in graphs induced
by monitoring long-term traffic patterns among relatively few nodes in a network. For
example, a graph induced by telephone calls in the AT&T network has about 250 million
vertices but can have billions of edges (200-300 million edges for each day of traffic).
The ability to maintain in memory information about the vertices often simplifies the
problems.

For example, iV < cM for some suitable constant@ ¢ < 1, we can compute
the forest of rooted stars corresponding to the connected components of a graph in one
scan, using disjoint set union [34] to maintain a forest internally. To compute MSFs,
we similarly maintain a forest internally, first sorting the edge list by weight. (This is
Kruskal’s algorithm [25].) We can even eliminate the sort and compute MS§eaifE)

I/Os if we use dynamic trees [33] to maintain the internal forest. For each edge, we
delete the maximum weight edge on any cycle created. The total internal computation
time then become® (E log V).

Semi-external BMSFs are similarly simplified, because we can check internally if an
edge subset spans a graph. Semi-external maximal matching is possible in one edge-list
scan, simply by maintaining a matching internally.

This semi-external approach differs from that used by Chiang et al. [13] to implement
external depth-first search (DFS). Chiang et al. maintain a data structure internally on
the vertices, but they do not assume thlat= O(M) and thus that the data structure
fits entirely in main memory. Once it grows too large, information is compacted, and a
new phase of the algorithm is started. This results irOagfiV/M7scanE) + V)-1/0



454 J. Abello, A. L. Buchsbaum, and J. R. Westbrook

algorithm for DFS. In contrast, our semi-external algorithms maintain the entire vertex
data structure in main memory at all times.

Having computed the intermediate forest data structure without sorting, consider
the final step of arranging the components in a delineated edge list. We can label the
edges by their components in one scan, and we can then sort the edge list to arrange
edges contiguously by component,sart(E) 1/0s. The sorting bound is pessimistic,
however, if the number of components is small. Below we give an algorithm td\sort
records with keys in the integral range K] in O(scan(N) logy g K) I/Os. If there
areK distinct keys from an arbitrary universe, we get the sap@ tbound with high
probability for the relaxed problem of grouping the records so that records with distinct
keys appear contiguously. These bounds are tight [29]. Therefove <fcM we can
compute connected components on a grépk: (V, E) in O(scan(E) logy, g C(G))

I/Os, whereC(G) < V is the number of components @&. In many applications,

C(G) « V, so this approach significantly improves upon sorting. In the telephone-
graph example above, the number of connected components generated by a typical day
of data is less than 10 million; the number of components containing more than 10
vertices, in fact, is less than 10,000. These figures become even smaller as more edges
are processed.

6.1. Sorting with Duplicates We externalize a version of distribution sort [24] to sort

N items with keys in the integral range,[K]. The basic idea is straightforward: the
items are partitioned intM /B buckets, each of which contains items in a distinct range

of KB/M keys. KnowingK in advance (or calculating it in one scan) allows each key

to be assigned to its corresponding bucket. Each block in main memory is assigned
to hold items in a single bucket. As the input is read from disk, each item is assigned
to its appropriate memory block. When a memory block becomes full, it is written
to an appropriate place on disk to maintain the items from the corresponding bucket.
After processing the input, the buckets are sorted recursively. (We ignore that one extra
block of memory is required to allow scanning of the input; this does not affect the
bounds.)

To make the approach functional, care must be taken in the output. We assume that a
disk block can be addressed witi{1) memory cells. We can thus chain disk blocks into
a linked list without affecting the asymptotic space usage. Each memory block maintains
a pointer (initially null) to the first block in the linked list corresponding to its bucket
being output. When a memory block becomes full, it is output to a new disk block,
which is prepended to the list, and the pointer in the memory block is reset to point
to the new disk block. (Prepending does not require updating successive blocks in the
chain.)

After the input has been scanned, some memory blocks will be non-empty. Those
with non-null pointers are emptied in the above fashion, i.e., prepended to their respec-
tive bucket chains. The remaining memory blocks were never emptied during the scan,
because they never became full. These can be partitioned into contiguous ranges of keys,
each range maximally fitting in order between two chains of buckets that have been
written to disk. The final output is produced by scanning through the chains on disk, in
order, interspersing the ranges of keys remaining in main memory in order, to produce
a bucketed list requiring onlyN/B] disk blocks.
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THEOREMG6.1. Sorting N records with keys inthe integral rarfge K ] takesd (scan(N)
logy /g K) 1/Os in the FIO model

ProOOFE The upper bound follows from the above discussion. Every chain written
to disk contains at least one full disk block, which can be charged for the (at most
one) partial block prepended in the clean-up phase after the input has been scanned.
Each range containing keys never written to disk might result in only a partial
disk block being written in the clean-up phase, but each such range can be amor-
tized against the preceding chain, which contains at least one full disk block. (The first
range might be at the head of the output, but this accounts for at most one partial disk
block.)

The lower bound comes from Matias et al. [29], who improve the previous lower
bound based on duplicate elimination due to Arge [5] in the case When B2. O

Subsequently, Matias et al. [29] have shown how the above algorithm can be im-
plemented in place. While not functional, in-place sorting routines are important when
minimizing work space is critical.

COROLLARY 6.2. If V < cM for some suitable constantthe delineated edge list of
components of a graph can be computed i(s€ar(E) Iog,\,,/B C(G)) I/0Os in the FIO
mode] where G G) is the number of components of the graph

PrOOF By the discussion at the beginning of Section 6, we can label each edge by its
component inO(scan(E)) 1/0s. Theorem 6.1 completes the proof. O

Note that sorting solves th@oximate neighborgroblem [13]: givenN records on
N /2 distinct keys, such that each key is assigned to exactly two records, permute the
records so that records with identical keys reside in the same disk block. Chiang et al. [13]
show a lower bound of2 (min{N, sort(N)}) 1/0s to solve proximate neighbors in the
single-disk JO model. Theorem 6.1 does not violate this bound, since in the proximate
neighbors problemK = N/2.

6.2. Grouping with Arbitrary Keys If the N records hav& distinct keys that span an
arbitrary range, we can still use the above schengraap them so that records with
identical keys appear contiguously in the output; records with different keys, however,
do not necessarily obey the total order.

During each recursive phase, we pick a hash functipimdependently and uniformly
at random from a family of universal hash functions [11] that mapKhkeys to the
range [1 [ M/B]]. When scanning the input, we ubeo assign keys to buckets.

Equal keys are always hashed to the same bucket. When a bucket contains at most
M/ B distinct keys, we can group its records in one additional scan. Linking the records
in the buckets output in the first phase, denoted bin which each bucket has no more
thanM/B distinct keys, therefore, produces the desired grouped output.
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THEOREMG6.3. With probability at leasfL — 1/K € for any fixed constant,©(scar(N)
logyg K) 1/Os suffice to group N items with K distinct keys from an arbitrary universe
in the FIO model

PrROOF The properties of universal hashing [11] show that, in each recursive phase,
the expected number of distinct keys assigned to any bucket is a fradti@hof the
number of keys being processed. Theorem 1.1 of Karp [22] thus shows that

K

PrT = [logys K +w+1] < (M/B)Llogws K+

for any positive integew. In particular, letw = c[logy, g K1 + 1. O

7. Conclusion. Ourfunctional approach produces external graph algorithms that com-
pete with the IO performance of the best previous algorithms, are simple to describe
and implement, and are conducive to standard checkpointing and programming language
optimization tools. An interesting open problem is to devise incremental and dynamic
algorithms for external graph problems. The data-structural approach of Arge [4] and
Kumar and Schwabe [26] holds promise for this area.

It remains open to determine whether or not testing a graph for connectedness (i.e.,
testing if the number of connected components is one) is as hard externally as computing
its connected components. An easier connectivity test could lead to an improved external
BMSF algorithm.

Finally, our procedure to implement a Bwka step is complicated by the fact that
we can only contract a list oE edges inO(sort(E)) 1/Os if they are delineated by
component. Kumar and Schwabe show how to contract an arbitrary &edfes in
O(sort(E)) I/0s, but their procedure is not functional. How to contract an arbitrary edge
list functionally in constant sorts remains open.
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