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1 INTRODUCTION

For the basics of sorting networks, see Chapter 28 of Cormen, Leiserson, and Rivest (1990).

A perfect halver is a comparator network with output wires split into blocks By, Br of
equal sizes in such a way that, given any input consisting of a distinct keys, the network
places the a/2 smaller keys in By, and it places the a/2 larger keys in Bg. Perfect halvers
may be used as modules to construct a sorting network with N wires such that N = 2¢ for
some positive integer d. This network is a series composition of networks Ny, Ny, ..., Ng_1
such that each IV, is a parallel composition of 2 perfect halvers of equal sizes; the 29~ output
wires of each perfect halver in N, are split into two blocks of equal sizes and each of these
blocks carries the input of a perfect halver in Ny;.

Unfortunately, this scheme yields sorting networks of depth Q((log N)?): every perfect
halver with a wires must have depth greater than lg(a/2). (To see this, consider an output
wire y in B and let X denote the set of all the input wires from which a key can travel
to y. We must have | X| > a/2: otherwise placing keys 1, 2, ...|X| on the wires in X and
placing keys | X|+1, | X|+2, ...a on the remaining a — | X| input wires yields an input that
sends one of the a/2 smaller keys to the output wire y.) Fortunately, Ajtai, Komlés, and
Szemerédi (1983a, 1983b) proved that a variation on this theme yields sorting networks of
depth O(log N) : instead of the perfect halvers, we can use weaker modules of constant depth,

whose weakness is made up for by a more intricate way of piecing the network together.



Like the output wires of a perfect halver, the output wires of the weaker module are split
into blocks By, Br such that |By| = |Bg| = a/2. Unlike a perfect halver, the weaker module
may misdirect a small fraction of the smaller a/2 input keys to Br and it may misdirect a
small fraction of the larger a/2 input keys to Br. A partial compensation for this defect is
an explicitly designated set F' of output wires (typically about 5% of their total) such that
(in a sense made precise at the end of section 2.1), for every input of a distinct keys, most
of the smallest keys end up in F'N By and most of the largest keys end up in F'N Bpg.

Interconnections between these modules may be described in terms of a complete binary
tree of depth d. At each time, the 2¢ wires of the network are distributed throughout the
nodes of the tree; in the beginning, all the wires are held in the root; the objective is to
allocate one wire to each leaf in the end in such a way that the sequence of the 2¢ keys held
in the 27 leaves is sorted.

In the network built from perfect sorters, this objective is accomplished simply: at each
time ¢t = 0,1,...,d — 1, the 2¢ wires are distributed throughout the t-th level of the tree. At
this time, each node z on the t-th level holds 24~ wires; these wires are used as input of a
perfect halver; between times ¢ and ¢ + 1, the wires from output block B; are sent down to
the j-th child of x. At time d, each leaf of the tree holds a single wire and the sequence of
the wires held in the 27 leaves is sorted. Two clean features of this crude scheme are that

e at all times, all the keys held in a node are addressed below this node,

e as time progresses, wires keep moving steadily to the bottom of the tree.

The more intricate scheme of interconnecting imperfect modules approximates these features
in the sense that

e at all times, most of the keys held in a node are addressed below this node,

e as time progresses, wires tend to wander erraticaly to the bottom of the tree.

At each time t, each node that holds any wires at all uses them as input wires of an imperfect
module; between times ¢ and ¢ + 1, it sends all the wires of the output block F' to its parent,
it sends all the wires of the output block By, — F' to its left child, and it sends all the wires

of the output block Br — F' to its right child. Since the modules are not perfect halvers, a



small fraction of the keys may be sent down in a wrong direction at any time; these stray
keys will eventually be sent back up again, so that they may correct the wrong turn.
Rather than follow the original Ajtai-Komlés-Szemerédi schedule of moving wires through
the tree, we shall describe a simpler scheme proposed later by Paterson (1990) with a few
missing details filled in. (A similar, but not quite the same, implementation of Paterson’s
proposal has been worked out by Pippenger (1990).) In section 2.1, we specify the number
of wires held in each node of the tree at each time; in section 2.2, we prove that the resulting
network sorts, provided that the quality of its modules is good enough. Construction of the

modules will be taken up in section 3.

2 THE NETWORK

As in the preceding section, we shall write N = 2¢; it will be convenient to assume that
d is a multiple of four and d > 8.

The sorting network that we are going to describe is the series composition of two compo-
nents, which we will refer to as the body of the network and its tail. The body nearly sorts:
in terms of the complete binary tree with N leaves, it distributes the N input keys through
the N/64 nodes on level d — 6 in such a way that

each of the 64 keys held in a node on level d — 6 is addressed below this node.

The tail is just a parallel composition of N/64 copies of a sorting network on 64 wires.

2.1 Construction of the body

The body is the series composition of components indexed by variable ¢ called time. At each
time ¢, the NV wires are distributed throughout the tree in such a way that the actual number
of wires held in a node = depends only on ¢ and on the depth ¢ of z; we let a(i, t) denote this
number. To relocate the wires between times ¢ and ¢ + 1, each node on level ¢ sends 7 (i, 1)

wires to its parent and it sends x(i,t) wires to each of its two children.



t=20 1 2 3 4 5 6 7 8 9 10 11 | 12 13|14 |15 | 16
i a(i,t)
0 | 4096 256 64 16
1 2048 512 128 32 8
2 960 1008 252 64 16
3 384 480 504 126 32 8
4 192 240 252 64 16
5 96 120 126 32
6 48 60 64
7 24
i (i, t)
0 0 0 0 0
1 128 32 8 0 0
2 192 48 12 4 0
3 384 96 24 6 0 0
4 192 48 12 4 0
5 96 24 6 0
6 48 12 0
7 24
i x(i,t)
0 | 2048 128 32 8
1 960 240 60 16 4
2 384 480 120 30 8
3 0 192 240 60 16 4
4 0 96 120 30 8
5 0 48 60 16
6 0 24 0
7 0

The values of a(i,t),

7(i,t), and x(i,t) when N = 4096.




In the beginning, all the wires are held in the root:
a(0,0) = N. (2.1)

Between t = 0 and t = 1, the root splits the set of N wires into two equal parts and sends

them down to its two children:
7(0,0) =0, x(0,0) = N/2, and a(1,1) = N/2. (2.2)

Between ¢t = 1 and t = 2, each of the two nodes on level 1 sends N/32 of its N/2 wires back

to the root and distributes the remaining wires evenly among its children:

7(1,1) = N/32, x(1,1) = 15N/64, and a(0,2) = N/16, a(2,2) = 15N/64. (2.3)

Let a(t) and w(t) denote the top and the bottom level, respectively, that contain nonempty
nodes at time ¢: formally, a(t) is the smallest ¢ with a(i,t) # 0 and w(t) is the largest ¢ with
a(i,t) # 0 . In particular,

As t increases, we let the top first oscillate between levels 0 and 1,

0 if0<t<d->5andtiseven,
aft) =
1 if0<t<d->5andtisodd,
and then begin a perodic zig-zag descent with period four and the average speed of one level

per two iterations,

(t—d+5)/2 ift>d—6andt=1mod 4,
(t—d+6)/2 ift>d—6andt=2mod 4,
( )/2 ift>d—6 and t = 3 mod 4,
(t—d+38)/2 ift>d—6andt=0mod4.

at) =

We let the bottom descend steadily in a perodic zig-zag movement with period three and
the average speed of one level per three iterations,
(t+2)/3 ift>1andt=1mod 3,
w(t)=19 (t+4)/3 ift>1andt=2mod 3,
(t+6)/3 ift>1andt=0mod 3.



These definitions imply that

e ot) < w(t) whenever 2 <t < 3d — 21, and

e o(3d —20) = w(3d —20) = d — 6;
accordingly, the components whose series composition forms the body of the network are
indexed by t = 0,1,...,3d — 21; in terms of the binary tree, wires stop moving at time

t = 3d — 20, when we have
a(d — 6,3d — 20) = 64. (2.4)

In addition, the definitions of a(t) and w(t) imply that
e at) =t mod 2 and w(t) =t mod 2 for all ¢;

numbers a(i,t) will be defined so that

a(i,t) #0 if and only if «(t) <i < w(t) and i =t mod 2. (2.5)

Numbers a(i,t), 7(i,t), and x(7,t) defined for all 7 and ¢ such that
2<t<3d—-20,a(t) <i<w(),and i =t mod 2

extend (2.1), (2.2), (2.3), and (2.4) into a feasible schedule for routing the N wires through

the tree if and only if they satisfy the following conditions:

INTEGRALITY:
All of a(i,t), w(i,t), and x(i,t) are integers.
FLOW BALANCE:
m(i,t) +2x(i,t) = a(i,t) whenever 2 <t < 3d — 20 and a(i,t) # 0,

x(i—1t)+2n(i+1,t) = a(i,t+1) whenever 2 <t < 3d—20 and a(i,t+ 1) #0;

BOUNDARY CONDITIONS:

a(0,2) = N/16, a(2,2) = 15N/64, and y(d — 7,3d — 21) + 2r(d — 5,3d — 21) = 64.



The values that we shall use are defined in terms of numbers ¢(i,t) which, in turn, are

defined by

cli,t) = N .2%7172

and may be thought of as the capacities of nodes on level ¢ at time t.

Conditions on i a(i,t) (1, t) x(i,t)
i=a(t)and a(t+1)=i+1 c(i,t) 0] -a(it)
—a@andat+)=i=1 | ci0) | s5al0) | 5 ati0)
i=a(t) and « =i c(1, g 1) | 55l
1 1
alt) < i <w(t) and i = £ mod 2 2—3 clir) | 5-ali,) % ali, )
63 1 10

- _1 63 . 1 10
i=w(t) and t mod 3 I (i, t) o a(i, t) o a(i,t)
' w(t) and £ = 2 mod 3 Lol Tagn | 2ain
i=w(t)and t =2 mo T s ali s ali;
: 3 . :

i =w(t) and t = 0 mod 3 6l (i, t) a(i,t) 0

The values of a(i,t),

Verifying FLOW BALANCE and BOUNDARY CONDITIONS for these values is a routine

exercise; let us comment on INTEGRALITY. Since 2a(t) >t — d + 5 for all ¢, we have

cla(t),t) > 8 for all t.
Two easy corollaries of this easy observation are that
c(a(t),t) > 64 whenever a(t +1) = a(t) — 1
(since c(i + 1,t) = 8¢(i,t + 1) and that
c(i,t) > 128 whenever ¢ > «(t) and i =t mod 2

7

m(i,t), and x(i,t) when 2 <t < 3d — 21.




(since c(i + 2,t) = 16¢(i,t)). It follows not only that all of a(i,t), 7(i,t), and x(i,t) are

integers, but also — a fact used in the construction of the network — that

all of a(i,t) and 7(i,t) are even integers.

Two constants, ep and ep, control the quality of all the modules used throughout the
network. By an (a,ep)-halver, we mean a comparator network on a wires with the output

wires collected in equally sized blocks By, Bgr such that, for every input of a distinct keys,
(i) the network places at most epa of its a/2 smallest input keys into output block Bp,
(ii) the network places at most ega of its a/2 largest input keys into output block By.

By an (a, f,ep, er)-separator, we mean an (a,epg)-halver with designated blocks Fp, Fr of

output wires such that
Fr, C B, FrC Br, |FL|=|Fgr|=f/2
and such that, for every input of a distinct keys and for every k = 1,2,..., f/2,
(iii) the network places at most epk of its k smallest input keys outside output block F7,
(iv) the network places at most epk of its k largest input keys outside output block Ffg.

The module used in a node on level i at time ¢ is an (a(i,t), 7(i,t),ep, £F)-separator; the
node sends the wires from Fj, U Fr to its parent, it sends the wires from By — F, to its left

child, and it sends the wires from Br — Fg to its right child.



2.2 Analysis of the body

THEOREM 2.1 If there is a positive 6 such that

R N S 2.6
b= 128_2( +1—6452>’ (26)
er < 26(1—160), (2.7)

then, at time 3d — 20, each node on level d — 6 holds 64 keys addressed below this node.

PROOQOF. An outsider is a key located in a node x but not addressed below z; an outsider
of order r is an outsider that would remain an outsider even if it were moved to the ancestor
of its current location that is r levels higher up in the tree. (In particular, “outsider” is
synonymous with “outsider of order zero”.) We aim to prove that, as long as some positive
J satisfies (2.6) and (2.7), nodes on level d — 6 hold no outsiders at time 3d — 20. For this

purpose, consider the predicate

P(t): Foralli=0,1,...,d and for all =0, 1,...,d,

each node on level i holds fewer than 6"¢(7,t)/64 outsiders of order r at time ¢.

Since ¢(d — 6,3d — 20) = 64, we only need prove P(3d — 20); we will use induction on ¢ to
prove P(t) for all t =1,2,...,3d — 20.

Let M(i,t) denote the (a(i,t), w(i,t),ep, er)-separator used in nodes on level i at time t.

As for the induction basis, all the outsiders in the two children of the root at time 1 were
sent down from the root between ¢ = 0 and ¢ = 1; since M(0,0) is an ep-halver, each of the

two children receives at most egN outsiders, and so P(1) is implied by (2.6).

As for the inductive step, its bulk consists of showing that only a few (if any) of the
keys a node u sends to its child v are not addressed below v; such misdirected keys are
either outsiders in u or else addressed below the sibling w of v. By the inductive hypothesis,
outsiders in u are scarce; since each M (i,t) is an ep-halver, most of its input keys that are

addressed below w get sent to w; we show first that u does not hold too many keys addressed

9



below w (Lemma 2.2). The argument relies on a simple formula for the total number of keys
held in a node and all its descendants; this formula is used twice, and so we set it on its own

as the following lemma.

LEMMA 2.1 Ifa(i,t) # 0 and i > a(t), then
Zzﬂ ‘a(§,t) = N - 27" — c(i, t)/64.

PROOF. Trivially,
> 27a(j,t) =2 "a(j,t) Zzﬂ ‘a(j,t) = N-27" =Y 27"a(j,t)
j=i j=0 J=0

Writing m = (i — «(t))/2, observe first that m is a positive integer and then that

i—1 m
S22 a(ht) = > 27%a(i — 2k, t)
j=0 k=1

3m 1

= Z 27 e(i — 2k, t) + 27 "c(i — 2m, t)

63m1
= 264 c(i,t) + 64 "c(i,t)

<z_7t>.
64

LEMMA 2.2 Lett be an integer which satisfies 1 <t < 3d — 20 and P(t); let u be a node
of the tree, let i be the level of u, and let w be a child of u. Then u holds, at time t, fewer
than

1 . 1 ) :
§a(z,t)—|- (@—i_ 501 = 6107) —64(52)> c(i,t)

keys addressed below w.

PROOF.
CASE 1: i < w(t).
We may assume that a(i,t) # 0, since otherwise the conclusion is trivial. In the notation

r1 = number of keys addressed below w,

10



x9 = number of keys held (at time t) below w,
x3 = number of keys held (at time t) below w and not addressed below w,
x1 — (z2 — x3) counts the number of keys addressed below w and not held below w; this

quantity is an upper bound on the number of keys addressed below w and held in u.

Trivially,
1 )
Ir = —N27%,

2

Lemma 2.1, with ¢ 4+ 2 in place of i, guarantees that
_(i+2) . 1 —q 1 .
.’EQZQ(NQ —C(Z+2,t)/64):§N2 —§C(Z,t)

P(t) guarantees that

i 1) ity 326
< S 4 2 1) 64 — S 25)%14% < D02 .
<2 cli+25:1)/ 61 =) 64 11— 6407

Altogether,

x1— (22 —x3) < (% + m> (i, t);

the assumption of this case guarantees that a(i,t) > 63c(i,t)/64, and so

1 ) , 1 . 1 ) .
(5 + m) c(i,t) < 5 a(i,t) + (@ + m) c(i, t).

CASE 2: i = w(t).

Lemma 2.1 guarantees that

ENQ—Z‘ _ a(i>t) C(i>t);
2 2 128
again, the left-hand side of this equation is the number of keys addressed below w. a

LEMMA 2.3 Lett be an integer which satisfies 1 <t < 3d—20 and P(t); let v be a node of
the tree and let i+ 1 be the level of v. Then v holds at time t+1 fewer than c¢(i+1,t+1)/64

outsiders.

11



PROOF: Let X denote the set of all outsiders that are held in v at time ¢ + 1 and let us
write

r € Xp if v € X and z is held in the parent of x at time ¢,

r € Xy ifx € X and x is held in the left child of z at time ¢,

x € Xg if x € X and z is held in the right child of x at time ¢.
Furthermore, let u denote the parent of v and let w denote the sibling of v. Lemma 2.2
guarantees that u holds, at time ¢, fewer than

1 . 1 ) :
§a(z,t)—|- (@—i_ 501 = 6107) —64(52)> c(i,t)

keys addressed below w; P(t) guarantees that u holds, at time ¢, fewer than ¢(7,t)/64 out-
siders; all the remaining keys held in u at time ¢ are addressed below v. It follows that a

perfect halver in place M(i,t) would send to v fewer than

3 N o (i)
— | (@
128 2(1 — 6462) ’
keys that are not addressed below v; since M(i,t) is only an eg-halver, it may misdirect up
to ep - a(i,t) additional keys to v; it follows that
3 )
X —_— 1),
| Xp| < (128 + 21— 6107) +€B> c(i, t)

P(t) guarantees that

de(i+2,1)
d |X _—
an | R| < 61

de(i+2,1)
X R
[Xel < 64

at time ¢, each key in Xy U Xy is an outsider of order one in a child of v. Altogether, we

have
| X| = |Xp|+ | Xi| + | Xr| < i—l-#—i-a l+2£8 cli+1,t+1)
- g R 128 ' 2(1—6462) P 2 64 ’ ’
and so | X| <c(i+1,t+1)/64 by (2.6). O

LEMMA 2.4 Lett be an integer which satisfies 1 <t < 3d — 20 and P(t); let v be a node
of the tree, let 1 + 1 be the level of v, and let r be a positive integer. Then v holds at time
t + 1 fewer than 0"c(i + 1,t + 1)/64 outsiders of order r.

12



PROOF. We may assume that a(i 4+ 1,¢ + 1) # 0, since otherwise the conclusion is trivial.

With u standing for the parent of v, let us first show that
(i) m(i,t) > 3c(i,t)/64, or else u holds no outsiders at time t.

For this purpose, let us assume that 7(i,t) < 3c(i,t)/64, and so i = o(t) and a(t+1) =i+1
by the definition of m(i,t). Now if i = 0, then u holds no outsiders since it is the root; if
i > 1, then a(t) < (t —d + 7)/2, and so c(i,t) < 32, in which case the absence of outsiders
from w at time ¢ is guaranteed by P(%).

Now let X denote the set of all outsiders of order r that are held in v at time ¢ + 1 and
let us write

r € Xp ifx € X and z is held in u at time ¢,

r € Xy if x € X and x is held in the left child of z at time ¢,

x € Xg if x € X and z is held in the right child of x at time ¢.
We claim that

(i) |Xp| < epd™le(i,t)/64.

Each key in Xp is an outsider of order r — 1 at time ¢, when it is held in u. Assumption P ()
guarantees that u holds fewer than §"'c(i, t) /64 outsiders of order r — 1 at time ¢; in turn,
claim (i) guarantees that the actual number of these outsiders is at most 7(i,t)/3, and so
module M (i,t) places fewer than er0""'c(i,t)/64 of them on its output wires outside its F.

Each key in X U X is an outsider of order r + 1 at time ¢, when it is held in a child of

v; assumption P(t) guarantees that
(iii) | X.| < 6™ e(i+2,t)/64 and | Xg| < 6" le(i + 2,t)/64.

Altogether, we have

SF(ST_I 1 67’—1—1 .
X=X X X - = 2- -8 1,t4+1
X1 = X+ 1+ 1l < ( (57 ) 5 + 2 T 8) i+ L+ ),
and so | X| < d"c(i+1,t+1)/64 by (2.7). O

13



3 THE MODULES

3.1 Existence of expanders

The set of vertices of a bipartite graph is partitioned into two disjoint parts in such a way
that each edge has one endpoint in each of the two parts; a matching is a set of pairwise

disjoint edges; for each subset S of the vertex-set of a graph G, we write
Ne(S) ={u: uis adjacent to at least one vertex in S }.
By a bipartite (n,d, u)-expander, we shall mean a bipartite graph G such that

(i) G has n vertices in each part,
(ii) the edge-set that is the union of d matchings,
(iii) every nonempty set S of vertices in one part of G has |Ng(S)| > min{ul|S|,n — |S|}.

THEOREM 3.1 If i and d are positive integers such that

d
1
Dert2 [H ) <= 3.1

then, for every positive integer n, there is a bipartite (n,d, p)-expander.

PROOF. Consider arbitrary but fixed positive integers n, d, and pu and take two disjoint
sets Vi, Vg of vertices such that |VL| = |Vr| = n. By a perfect matching, we shall mean a set
of n pairwise disjoint edges, each of which has one endpoint in V, and the other endpoint in
Vi. Let G denote the set of all unions of d perfect matchings and note that, as there are n!

distinct perfect matchings,
1G] = (n))".

For every positive integer s, write t = min{us, n—s} and let B(s) denote the set of all graphs
in G such that some nonempty set S of vertices in one part of G has |S| = s, |[N(5)| < t.

Since B(s) = ) whenever s > n (in fact, B(s) = () whenever s > n/2),

14



is the set of all (n,d, p)-expanders; this set is nonempty whenever

S Bl
g

we are going to prove that (3.1) implies (3.2). More precisely, we are going to prove that

(3.2)

(3.1) implies

% - % (3.3)

For this purpose, note that every edge-set E of a graph in B(s) can be manufactured as

follows:

set B = ();
choose between ¢ = 1 and 7 = 2;
choose a subset S of V; such that |S| = s;
choose a subset 1" of the other V; such that |T'| =t
(we will have Ng(S) C T);
(v) repeat d times
(add to E a perfect matching M such that Ny (S) C T):
(vi) choose a subset S’ of T" such that |S'| = |S];
(vii) choose s pairwise disjoint edges
with one endpoint in S and the other endpoint in S;
(viii) choose n — s pairwise disjoint edges
with one endpoint in V; — S and the other endpoint in V;, — S”;
(ix) add the perfect matching chosen by (vi), (vii), and (viii) to E.

There are two choices in (ii); there are (?) choices in (iii); there are (}) choices in (iv);

t

there are (*

) choices in (vi); there are s! choices in (vii); there are (n — s)! choices in (viii).

Altogether, there are

2 sl(n —s)!

15



different settings for the production line from start to finish; this quantity is an upper bound

on |B(s)| since every edge-set of a graph in B(s) arises from at least one of the settings. It

follows that

d
t
n n S

B _ ,
|Q| S t n
S

using the inequalities (?) < n®/s! (which follows directly from the definition) and s! > (s/e)*
(which follows by induction on s from the inequality 1+z < e®), and (%)/(?) < (¢/n)* (which
is an elementary consequence of ¢t < n), we conclude that
|B(s)| (en)s (en)t (t)sd
< 21— — -] . 3.4
|G| — s t n (3:4)

In addition, note that (( + 1)/p)? < e¥*, and so the left-hand side of (3.1) is greater

than (u + 1) e#*2=4/#; in particular, (3.1) implies that

d> p(p+2). (3.5)

We shall derive (3.3) from (3.1), (3.4), and (3.5).

CASE 1: t = ps. In this case,

) () (G - (2 () () = () )

and s <n/(u+1); since d — (u+1) >0 by (3.5), it follows that

d— N d—(/t+1) d
,ue“"'l (@) () < Meu-kl _H < Melt+2 _H < l
n p+1 p+1 3

CASE 2: t =n — s. In this case,
n n\?t s \"* t
—< 17 t < S, o =(1+ ) <€Sa _S )
s_ﬂ—i_ =K (t) ( - n-_ pu+1

and so
en\® fen\t /t\* uo\? T
_ _ _ < 1 pt2 [ 7 -
(s) (t) (n) _((MJF e <u+1>) NS
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3.2 From expanders to strong (2n,¢)-halvers

By an strong (2n, €)-halver, we shall mean a comparator network on 2n wires with the output

wires collected in equally sized blocks By, Br so that, for every k =1,2,...,n,
(i) the network places at most ek of its k& smallest input keys into output block Br and

(ii) the network places at most ek of its k largest input keys into output block By.

THEOREM 3.2 For every positive € there is a positive integer d such that, for every

positive integer n, there is a strong (2n, e)-halver of depth d.

PROOQF. Given a positive €, choose a positive integer p such that 1/(u + 1) < e. Theorem
3.1 guarantees existence of a positive integer d such that, for every positive integer n, there is
a bipartite (n, d, u)-expander; for every choice of positive integer n, we are going to construct
a strong (2n, €)-halver of depth d.

Given a bipartite (n, d, p1)-expander G, we shall construct a strong (2n,1/(p + 1))-halver
H of depth d, whose 2n wires are identified with the 2n vertices of G. For this purpose,
let Vi, Vg denote the two parts of the vertex-set of G and let My, Ms, ... My denote the
matchings whose union is the edge-set of G. The t-th layer in the series decomposition of H

into d layers is defined by M;: its comparators are precisely the edges of M; and

(x) whenever two keys 2 and y come into the two wires of a comparator,
min{z, y} comes out on the wire in V7, and

max{z,y} comes out on the wire in Vx.

Wires in V;, form the output block Bj, and wires in Vi form the output block Bp.

To see that H has defining property (i) of a strong (2n,1/(x + 1))-halver, consider an
arbitrary k = 1,2, ..., n, let () denote the set of k£ smallest input keys, and let .S denote the
set of all the wires in By that hold keys from @) as their output values: our aim is to prove
that |S| < k/(pu+1). For every u in Ng(5), there are — by definition — a wire v in .S and

a subscript ¢ such that wv is an edge in M;; let uy, vy denote the keys held in wires u, v after
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the first ¢ layers of comparators and let ug, vy denote the keys held in wires u, v after all d
layers of comparators. By definition of S, we have vy € @Q; property (x) guarantees that

ug < up < vy < vy it follows that ug € @ and so, as u is an arbitrary element of Ng(S),
S|+ [Na(S)] < k.

Since G is a bipartite (n, d, p)-expander G, we have
min{(1 + p)|S|,n} < |S|+ [Na(S) .

comparing the two bounds and keeping in mind that & < n, we conclude that (1+ u)|S| < k.
A mirror image of this argument shows that H has defining property (ii) of a strong

(2n,1/(p + 1))-halver. O

3.3 From strong (2n,¢)-halvers to separators

THEOREM 3.3 For every choice of positive eg, ep, and 6, there is a positive integer d
such that, for every choice of positive even integers a and f such that da < f < a, there is

an (a, f,ep, er)-separator of depth d.

PROOF. We may assume that 6 < 1 since otherwise there is nothing to prove. Now let
r be the smallest nonnegative integer such that 26 > 1 and set ¢ = min{eg,ep/(r + 1)}.
Theorem 3.2 guarantees existence of a positive integer dy such that, for every positive integer
n, there is a strong (2n,e)-halver of depth dp; for every choice of positive even integers a
and f such that da < f < a, we are going to construct an (a, f,ep, ep)-separator of depth
at most (r + 1)dp.

With ¢ the smallest nonnegative integer such that 2'f > a, the separator is a series
composition of ¢t + 1 layers. Layer 0 is a strong (a, €)-halver of depth dy; its output blocks
By, Bgr define output blocks By, Br of the separator. Layer 1 is a parallel composition of
two strong (a — 2! f, e)-halvers of depth dy (a — 271 f is positive and at most a/2); the left

halver draws its input wires from By and collects its output wires in equally sized blocks
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Bj;, B}p; the right halver draws its input wires from By and collects its output wires in

equally sized blocks B},;, Bhy. Writing
Bl =B, Bl and BYY=By— B,

note that |B}| = |By| = 272 f.

The subsequent layers are constructed recursively. Layer i is a parallel composition of
two strong (a, )-halvers of depth dy; a set Bi ' of 207 f wires in By, forms the input wires of
the left halver and a set B! of 2!~ f wires in Bg forms the input wires of the right halver;
the left halver and collects its output wires in equally sized blocks B, B: . and the right
halver collects its output wires in equally sized blocks B, , Bhp; we set B, = By ' — Bl
and Bh = B! — B,

If 1 <k < f/2, then this network places at most ek of the k smallest input keys in each
of the sets Br, B, Bip, ..., Bt 5, and so it places at most epk of these k keys outside Bt ;
similarly, the network places at most epk of the k largest input keys outside Blp; we set

19



REFERENCES

e M. Ajtai, J. Komlds, and E. Szemerédi (1983a), An O(nlogn) sorting network, Proc.
15th Ann. ACM Symp. on Theory of Computing, pp. 1-9.

e M. Ajtai, J. Komlés, and E. Szemerédi (1983b), Sorting in clogn parallel steps,
Combinatorica 3, 1-19.

e B.E. Batcher (1968), Sorting networks and their applications, Proc. 32nd Ann. AFIPS
Spring Joint Comp. Conf., pp.307-314.

e T.H. Cormen, C.E. Leiserson, and R.L. Rivest (1990), Introduction to Algorithms,
MIT Press/McGraw-Hill.

e M.S. Paterson (1990), Improved sorting networks with O(logn) depth, Algorithmica
5, 75-92.

e N. Pippenger (1990), Communication networks, in: Handbook Of Theoretical Computer
Science, Vol. A, Algorithms and Complezity (J. van Leeuwen, ed.) The MIT Press/ Elsevier,
Chapter 15, pp. 805-833.

20



