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Abstract

The paper determines the vertices and surface volumes of all rounding polytopes for com-
monly used rounding methods: the quota method of greatest remainders, and the divisor meth-
ods. These methods are used to round continuous non-negative weights summing to one to
non-negative integers summing to a predetermined accuracy, e.g. to 100 when rounding to
percentages. Our results are of interest when average properties of rounding methods are in-
vestigated, and an example from political science is included.
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1. Introduction

Consider a vector w = (wy, ..., wg) of £ > 2 non-negative continuous weights
that sum to one. These weights could, for example, be a set of probabilities. The
rounding problem consists of rounding each weight w; to a non-negative integer m;
such that the rounding result m = (m, ..., m¢) sums to a given integer accuracy M,
i.e. the (continuous) weight w; is approximated by the (rational) proportion m; /M.
It is well known that rounding the weights w; individually may leave a discrepancy
between the sum of the rounding results m; and the desired accuracy M (cf. [12,
Section 1]. However, such a discrepancy is often infeasible, and rounding methods
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are needed that yield rounding results summing to the predetermined accuracy M.
An example is the apportionment of seats in a parliament with the fixed house site M,
by rounding proportions of votes. Other examples can be found in Statistics [16,17].

This paper develops new mathematical insight into traditional rounding methods
by characterizing the sets of weight vectors w that get rounded to a fixed integer vec-
tor m. These sets are polytopes, for all methods considered here. Since the weights
are constrained to sum to one, the rounding polytopes are of dimension ¢ — 1, where
£ is the number of weights to be rounded. For a given rounding method, our main
results determine the vertices and surface volumes of all rounding polytopes. Our
work is based on the monographs by Balinski and Young [5], and by Kopfermann
[13], as well as the original work by Polya [15].

Our results on the surface volumes of rounding polytopes are of importance for
the comparison of different methods in terms of their average behavior. For such an
average behavior it is common to assume uniformly distributed weights, so that the
probability of a rounding polytope is proportional to its surface volume. For exam-
ples of papers dealing with uniformly distributed weights see [1-4,6,7,12,18,20].

The paper is organized as follows. In Section 2 we introduce the rounding meth-
ods dealt with in the sequel. In Sections 3 and 4 we derive our results on the vertices
and surface volumes of rounding polytopes. In Section 5 we illustrate the use of our
results in a political science application [18].

2. Rounding methods

Let the probability simplex S be the set of all non-negative weight vectors sum-
ming to one

S = {we [0, 11

i=1
Rounding the weight vector w € S to a given integer accuracy M means that w is

mapped to a vector of non-negative integers m with components summing to M.
Hence a rounding method is a mapping R : S — G (M), where

i=1

G(M) := {m e N§

Throughout this paper, we will consider accuracies M > ¢. Details on the more
pathological case M < ¢ can be found in [10].

The quota method of greatest remainders operates in two stages. First, the propor-
tion w; M is rounded down to its integer part m; = |w; M ]. In the (unlikely) case that
all w; M are integers the discrepancy vanishes, i.e. M — ) /_; m; = 0, and we set
m; = m;. Otherwise, there is a positive discrepancy § = M — Zi m; > 1, and the
fractional parts §; = w; M — m; are ranked to obtain (1) = 8(2) = - -+ = 8(¢) (Where
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ties are broken arbitrarily). The vector m is obtained by setting m ;) = m ;) + 1 for
all i < 6 and m(;y = m; for all i > §. That is, the é largest remainders are rounded
up to one, the £ — § smallest remainders are rounded down to zero.

All other rounding methods considered are divisor methods. Following Balinski
and Young [5, p. 99], the definition of a divisor method is based on a strictly isotonic
sequence of reals such that k < s(k) < k + 1. This sign-post sequence s = (s(k))r>0
defines a rounding function

k if x € [k, s(k)),

r : [0, 00) = N, xl—>r(X)i={k+1 if x € [stk), k+1).

(Ties x = s(k) may be broken in a different way than setting r (x) = k + 1 without
affecting our future results.) The divisor method with sign-post sequence s maps a
weight vector w into the integer vector R(w) =m = (my,...,my) € G(M) such
that there exists a divisor D € (0, co) with m; = r(w; /D) for all i.

Important sub-classes are the g-stationary divisor methods with parameter g €
[0, 1] based on the sign-post sequences s(k) = k + ¢, and the p-power mean divisor
methods with parameter p € R based on s(k) = [(k? + (k + 1)7)/2]'/P. There are
five “traditional” divisor methods (cf. [5, p. 61]):

e Adams: s(k) = k (rounding up, g = 0, p = —00),

e Dean: s(k) = k(k + 1)/(k + 0.5) (harmonic rounding, p = —1),

e Hill/Huntington: s (k) = v/k(k + 1) (geometric rounding, p = 0),

e Webster/Sainte-Lagué: s(k) = k + 0.5 (standard rounding, ¢ = 0.5, p = 1),
e Jefferson/d’Hondt: s(k) = k 4 1 (rounding down, ¢ = 1, p = 00).

Marshall et al. [14] give a comparison of these five methods in terms of majoriza-
tion. An implementation of divisor methods following Dorfleitner and Klein [9] is
provided by the computer program BAZI.!

All methods presented map a weight vector with permuted entries to the permuted
integer vector m, i.e. R(Wy (1), - . ., Wo(g)) = (Mg (1), - - ., My (¢)) fOr any permutation
o . This property will be tacitly used in some of the subsequent proofs.

In the sequel we study the sets {w € S| R(w) = m} of weight vectors w that are
rounded to a given integer vector m € G(M). For both the quota method of great-
est remainders and the divisor methods ties were broken arbitrarily. For example, if
w = (0.5,0.5) and M = 3 then the rounding results m = (2, 1) and m = (1, 2) are
possible. Thus we will consider the sets

Pr(m) :=cl{iw € S|R(w) =m}, me GM),

where cl denotes set closure. Then Pg(m) contains all weight vectors that can be
rounded to m under R if ties are broken arbitrarily.

1 See http://www.uni-augsburg.de/bazi.
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Lemma 2.1 states that the methods mentioned can be described by linear inequal-
ities.

Lemma 2.1. Let m € G(M) be a rounding result and let w € S be a weight vector.

(a) Let R be the quota method of greatest remainders. Then w € Pgr(m) if and only
if
Mwi—mingj—mj+l Vi,j=1,...,0:0 #]j. (1)
(b) Let R be the divisor method with sign-post sequence s. Then w € Pg(m) if and
only if
wis(mj — 1) <wjs(m;) Vi,j=1,...,0:i%#j. 2)

Proof. See [13, pp. 196, 202] and [5, p. 100]. [

The inequalities of Lemma 2.1 describe Pg(m) as a polyhedron. Since Pgr(m) C
S and S is bounded, Pr(m) is a polytope. We call Pg(m) the rounding polytope
of the rounding result m under the rounding method R. Fig. 1 illustrates rounding
polytopes for four methods, in the case of £ = 3 weights and accuracy M =5 in
barycentric coordinates, i.e. a point w in one of the triangles represents the vector of
the three shortest distances from w to each one of the three triangle edges. Note that
a divisor method with s(0) = 0 rounds exclusively to interior lattice points; compare
the case of rounding up in Fig. 1(b).

We characterize Pg(m) in terms of its vertices. Then we compute the surface
volume of Pg(m). In the special case that R is a g-stationary divisor method and
that m; > 1 for all i, our results were already obtained by Kopfermann [13, Section
6.2]. The boundary cases, with m; = 0 for some 7, need particular attention, see Fig.
1. Going beyond the work of Kopfermann our considerations comprise all boundary
cases for divisor methods as well as a full treatment of the quota method of greatest
remainders.

In our (and Kopfermann’s) approach to the computation of surface volumes,
Pr(m) is decomposed into simplices whose surface volumes can be computed via
determinant formulas [19, p. 278]. Recall that a d-dimensional simplex is a d-di-
mensional polytope with d + 1 vertices vy, ..., vg, and by the determinant formula,
the d-dimensional volume of this simplex equals 1/d! times the modulus of the
determinant of the d x d matrix with columns v; —vg,i =1,...,d.

A surface volume is defined by means of full-dimensional volume after a projec-
tion (cf. [11, Section V.4]). Here, if
-1
Zwi < 1}, w = (Wi, ..., We—1),
i=1
is the projection on the first £ — 1 components, then for any measurable set A C S:

volg_1 (A) = V€ x volg_i ((A)). (3)

TS — {we[O, 17!
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(a) m=(0,0,5) (b) m=(0,0,5)

m=(5.0,0) m=(0,50) m=(5,0.0) m=(0,5.0)

(©) m=(0,0,5) (d) m=(0,0,5)

m=(5,0,0) m=(0,50)  m=(5,0,0) m=(0,5,0)

Fig. 1. Rounding polytopes for ¢ = 3 weights and accuracy M = 5. The highlighted polytopes serve as
examples in Sections 3.3 and 4.4. (a) Quota method of greatest remainders; (b) divisor method: rounding
up; (c) divisor method: standard rounding; (d) divisor method: rounding down.

Note that the volume on the left hand side of (3) is a surface volume whereas the volume
on the right hand side is full-dimensional. In particular, the simplex S has volume

Ve
-1

Since in the following no confusion is possible we will refer to surface volumes
simply as volumes.

volg—1 (8) = “4)

3. Rounding polytopes for the quota method of greatest remainders

Let R be the quota method of greatest remainders and m € G(M) a possible
rounding result. Let N(m) = {i | m; = 0} be the set of indices of zero components
of m, and let n(m) = |N(m)| be its cardinality. In Section 3.1 we study the vertices
of P(m) := Pgr(m). The volume of P(m) is calculated in Section 3.2. Section 3.3
illustrates our results.



76 M. Drton, U. Schwingenschlogl / Linear Algebra and its Applications 378 (2004) 71-91

3.1. Vertices

By Lemma 2.1, the translation 7' : w +— x = w — m/M maps any rounding poly-
tope P (m) that lies in the interior of S, i.e. for n(m) = 0, into the standard polytope

l
Y oxi=0,x <xj+1/MVi#jp. S)

i=1

Py = {x c R

If m; = O then the constraint w; > 0 remains invariant under 7', i.e. it is translated
into the constraint x; > 0. Therefore, the rounding polytope P (m) with n(m) > 11is
translated into the restricted standard polytope

PoN ﬂ {x € RY|x; > 0}. (6)
ieN(m)
In particular, P(m) and P (m) are congruent whenever n(m) = n(m).
Theorem 3.1 yields the vertices of Py N ﬂieN(m){x e RY|x; >0}, and adding

m/M yields the vertices of P(m). We denote the row vectors in R¢ with all compo-
nents equal to 1 or 0 by 1, and Oy, respectively.

Theorem 3.1. The polytope Py N ﬂieN<m){x € RY|x; > 0} has 2t — 2" — 1 yer-
tices v, which are induced by » € {0, 1} \ {0¢, 1,} with Aj =0 for some index
j & N(m). The components of v» are

1 L=z(M)—e) -
09) M Lz(ke) ifai =1,
v, " = %xz—jz% ifri=0andi ¢ N(m), i=1,....¢ (1)
0 if i =0andi € N(m),

where z(A) ;= |{i e Nim) | X =0} ande(X) := {1 <i < Ll|A; =1}

Ifn(m) =€ — 1, then v©00) = 0y is also a vertex and the restricted standard poly-
tope has 2¢ — 2" = 261 yertices.

There are no other vertices than the indicated v®.

In order to prove Theorem 3.1 we study the standard polytope Py from (5), and
later the restricted standard polytope from (6). Lemma 3.2 provides a parallelotope
decomposition of Py. Lemma 3.3 gives the vertices of Py.

Let the vector u® € R’ have component i equal to (¢ — 1)/¢ and all other com-
ponents equal to —1/¢.

Lemma 3.2. Define the parallelotopes
Li=3Y uu:p;el011p SR, i=1,...¢
JF#i
Then int(L;) and int(L ;) are disjoint if i # j, and Py = Ule L.
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Proof. A vector x € int(L;) Nint(L ;) can be expressed as

r =Y wu® =3 su®

ki kej
with all ug and §; positive. It follows that

¢
x=x-8y u® =" —s)u® —sul
k=1 ki, j
Since uV, ..., u=D y @D u® form a basis of {x : Y ; x; = 0}, it follows
that o ; = —48;, which contradicts the fact that 11 ; and §; are positive.
To see (Ji_, Li € Py, letx = Zﬁ':l wjuty) with ;€ [0, 1]. For p # ¢,

¢
Xp —Xg = ZM(”EDJ) - ”51]))
j=1

1 -1 1 —1 1 -1 1 -1
=\ e ) T\ T e

-1 )< ®)
Y Mp — Hg) X YA
Hence, x € Py.

Conversely, let x € Py. We need to show x € L;, for some i. Since every set
of £ — 1 vectors among uD . u® forms a basis of {x e R¢ . Zle x; = 0}, we
can write x = Zﬁ;ll wju'y). Since Zi’:l u) = 0y, we can write x = Z§:1 wjuth
with 1 > 0 for all j and u; = 0 for some i. Using (8) we obtain, for j # g,

®
/M 2 (xj —xg)/M = (nj— pg)/M = pj/M.
Thus p; < 1forall j which impliesx € L;. [

Lemma 3.3. Every A € {0, 1}°\ {0, 1,} induces a vertex u™ of the standard poly-
tope Py through
o _ [ax T =1
ui = 1 —e(l) . l=1,...,€,
i X 7 lf‘)\.l = O,
with e(A) := {1 <i < £|A;j = 1}|. There are no other vertices.

Proof. Obviously u® = Y"*_ 2,u®, which yields that
u®e () Lic P
i:1;=0

The u™™ with e(A) = 1 are in fact the «/) in the definition of the parallelotopes L;.
Due to symmetry with respect to permutations it suffices to concentrate on u* with
the first e(1) components equal to 1. Such a u® solves
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1 ceooe(v) e)+1 - ¢
1 -1
: 1
1 —1 1
A = 1 -1 u® = —
. M1
: 0
1 -1

Since Ay is a non-singular matrix, u® is a vertex. By Lemma 3.2, Py is the convex
hull of all 2¢ — 2 vertices u™. Therefore, no other vertices exist. [

Proof of Theorem 3.1. Let x be a vertex of Py N [y (m){x € R’ |x; > 0}. Define
K={ieNm)|x;=0}and let k = |K|. If K =0, i.e. x; > 0 for all i € N(m),
then x must already be a vertex of Py and, therefore, one of the v with z(1) = 0.
Otherwise, the vector (x; | i ¢ K) consisting of the components of x with index in K
must be a vertex of the (¢ — k)-dimensional standard polytope Py C R‘~* and thus
x equals one of the v with z(A) = k.

Conversely, every v is a vertex since it fulfills

(Az—z(x) ) o L (IZ—Z(A)—1> .
L) M\ Oxg)+1

Finally, we have v») # v if A and X are two distinct vectors in {0, 136\ {0, 1}
such that there is 7, j ¢ N (m) with A; = A; = 0. Thus the number of vertices equals
A e {0, 1} | A0, %13 ¢ Nm): 2 =0} =20—=2"m — 1. O

3.2. Volumes
A decomposition similar to Lemma 3.2 permits to compute in Theorem 3.4 the

volume of an arbitrary restricted standard polytope, which equals the volume of the
associated rounding polytope.

Theorem 3.4. The volume of P(m) depends only on n := n(m) and is given by

N ﬁ(e—nJrZ,{:lzk—j)’f“

volg—j (P(m)) = ~
<g> M1 coye-1, j=1 t—n+ Ziﬁ:l Ik
n Zf;]l fj=n

©))
Corollary 3.5. Ifn(m) € {0, £ — 1}, then the volume of P(m) is given by

[ ; _
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To prove Theorem 3.4 we establish in Lemma 3.6 a volume formula based on
determinants. Simplifying this formula subsequently yields the theorem.

Lemma 3.6. Let 1 ¢ N := N (m) (otherwise permute the indices without changing
volumes). Then

voly_1 (Po N[ )xeR x> 0}) = (€ —n) x voly_ 1 (Uy), (10)
ieN

where U\ is the convex hull of {v™ | » € {0, 1}¢, A1 = 0}. If 1 denotes the projec-

tion onto the components with index different from 1 then the volume of U is

volg—1(U1) = ——=-

(11
with
J=Eher Ty
My= Y et Y Eensi (12)
i=1 i=1
and &; denoting the vector of the canonical basis in R having component i equal to
1 and all other components zero.

Proof. Let U; be the convex hull of {v® |1 € {0, 1}¢, A; = 0}. Since we can ex-
press every v» with A; = 0 as a linear combination Zf#i " ju(j ) by setting 1 =1
ifA;j=1,u;=0ifA; =0and j ¢ N, and u; = e(r)/(£ —z(1)) if A; =0 and
J € N, we know that U; C L;. Therefore, the interior of U; N U; is empty if i # j
and foralli € N,

voly_1 (U;) < volp_; (L,» N()xeR x> 0}) =0.
ieN
By the definition of U; as convex hull of vertices,
Pon(ix e R x>0t = J Ui
ieN igN
Since permuting components i and j maps U; in U; and leaves the volume invariant,

voly_ (Po N ﬂ{x e R |x; > 0}) = (¢ —n) x voly_1(U)).
ieN
In order to calculate the volume of Uy, we decompose it into simplices. Let
A= (0, 1, 0p—1-7)
and denote by S the group of permutations of {1, ..., £} leaving 1 fix. Then Uj is
the union of the simplices Ay, o € Sy, defined as the convex hull of u@®)) j =
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0,...,¢— 1. Note that int(A,) Nint(A;) = ¥ if o # 7. The volume of a simplex

Ay is /€ times the full-dimensional volume of the projected simplex (A, ). The

full-dimensional volume of 71 (A ) can be calculated by the determinant formula.
Let o, T € S}, and define the equivalence relation

o~T:= [0(i)e N <= (i) e N Vi]. (13)

Then o ~ 7 implies that A, and A, can be mapped into each other by a permutation
and thus have the same volume. Since each equivalence class consists of (¢ —n +
1)!n! permutations, we arrive at the formula for the volume of U; stated in the theo-
rem by summing over the representatives of each equivalence class. This is done by
indexing the sum by vectors ¢ € {0, 1}*~! where #; = 1 means that all permutations
o in the corresponding equivalence class fulfill o(i + 1) € N and t; = 0 signifies
o(i+1)¢N. O

Proof of Theorem 3.4. By (12), the vectors A/ (r) € {0, 1}* have the form

M@ =,1,...,1,0,...,0,1,...,1,0,...,0) (14)
N e’ N e’

j‘Z/{:] 3 Z/{=| Tk

with exactly j components equal to one. Let A be the square matrix with columns
equal to the last £ — 1 components of the vectors A @), j=1,...,£—1. Since
A{ (r) = 1 implies )»{ i (t) = 1, we can transform A in an upper triangular matrix by
permuting its rows. This transformation leaves the absolute value of the determinant
of A unchanged. The same permutation shall be applied to

v(A) = (m WOy, (v*“m)) .

By (7) and since e(A/) = j and z(A/) = n — Z,’c;; tx, it follows that after an appro-
priate permutation of rows

1 (D Y Y D TN o Y S e GtV
M =+t M Z—”"‘Z/{;} I
det(v(A)) = det :
* 1 et n—(e=1)
M

[
15)

Here and in the remainder of the evaluation of det(v(A)) we can ignore possible
sign changes due to the absolute value in (11). The lower triangular part given as
% in (15) corresponds to zeros in the vectors A/(1)(j = 1,...,£ — 1), and in the
following only the first sub-diagonal will be of interest. By (7), (12) and (14), the
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sub-diagonal entry in the jth column of the permuted matrix v(A) is equal to O if
lig1 = 1 and
1 12

T

C—n+) 0 &
To simplify (15), we subtract the first row of the matrix on the right hand side from
all other rows. This gives

if 1,1 =0.

Iy e O TRV 110 W 5l o)
M Ty M e—n+Y (it
det(v(A)) = det 0
* 0

where the sub-diagonal entry a; in column j equals
1 K—71+Z,{:1 tr—J

R Rt 7 7

a; = Z—n-l—zk:l 7

—% ifl‘j_H =0.

iftj =1,

Since by definition Yt _! 7 = n it follows that
-2
[Tj=ia;
Me
which implies the result stated in Theorem 3.4. [

det(v(A)) =

3.3. Examples

In order to illustrate the previous results we consider the rounding polytope for
m = (2, 2, 1), which is highlighted in Fig. 1(a). By Theorem 3.1 (with N (m) = ),
the polytope’s 23 — 20 — 1 = 6 vertices are determined by the v given in Table 1.
Adding m/M = (2/5,2/5,1/5) to the v yields the vertices of P (m), which we
state in the order of appearance on a clockwise tour on the edges of P (m):

%lllztliértices v®) of the standard polytope Py determined by Theorem 3.1 with N(m) = ¢

s e(h) v

@01 | H(-4-4.4)
@10 ! 1(-1.3.-1)
@11 ; L(-3.1.4)
.00 ! 1(3-4-1)
.00 z H-3.4)
0.1 z 1Y)
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1(555) 1(474) 1(582) 1(771)
— — — - — - —
15 b 9 15 9 b 15 9 b 15 b 9
1 1
—(8,5,2 —(7,4,4).
- 15( ) — T 5( )

It follows from Corollary 3.5 that vol,—1 (P (2,2, 1)) = «/5/52 ~ 0.069.

4. Rounding polytopes for divisor methods

Let R be the divisor method with sign-post sequence s. Set s(—1) := 0. In Sec-
tions 4.1 and 4.2 we determine the vertices and the volume, respectively, of the
associated rounding polytopes P(m) := Pr(m). In Section 4.3 we simplify the
volume formula for g-stationary divisor methods. Our results are illustrated in Sec-
tion 4.4. Note that the cases when m; = 0 for some i need no separate treatment.
However, the set N(m) := {i | s(m; — 1) = 0} will take over the role of N (m), and
we set n(m) = |]\7(m)|. The assumption M > £ implies n(m) < £ — 1. Note also
that N (m) = N(m) if s(0) > 0.

4.1. Vertices
Theorem 4.1 gives the vertices of rounding polytopes for divisor methods.

Theorem 4.1. The polytope P(m) has 2¢ — 2" — 1 vertices g(k), which are in-
duced by ) € {0, 1}¢\ {0, 1} with Aj =0 for some index j ¢ N(m). The compo-
nents of v® are

o = {S(mi)/cm A S ) (16)

! s(mi — 1)/c(A)  if A =0,

where the normalization is c(\) = ZMI,:] s(m;) + ZM[:O s(m; —1).

If n(m) =€ — 1, then v .= 0, is also a vertex and P(m) has 2¢ — 27 =
201 vertices.

There are no other vertices than the indicated v®.

Remark 4.2. If s(0) = 0 and there exists m; = 0 then s(m;) = s(m; — 1) = 0. This
implies that P(m) is degenerate in the sense that w; = 0 for all w € P(m). Thus,
dim(P(m)) < £ —2and P(m)C P (m) for some m withm; > 1 forall j.

Proof of Theorem 4.1. Without loss of generality assume that /. has ordered com-
ponents, i.e. m| > my > --- > my (otherwise permute the components of m appro-
priately). Since M > ¢ it holds that m > 2 and s(m; — 1) > 0.
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Obviously fulfilling the inequalities (2), every v lies in P(m). To see that v
is indeed a vertex, we concentrate first on n2(m) = 0 and without loss of generality on
v® with A = (0, 1,—x). Now it is easy to see that v® solves the system Av® =0
where A is the matrix

1 k k+1 ¢
—s(my1) s(my —1)
—s(my) s(my —1)

—s(Mmpy1) s(my — 1)

—s(mpy1) s(mg —1)

for which only non-zero entries are shown. Since s(m; — 1) > O and all s(m ) > 0,
A is of full rank £. Hence, v is a vertex. If 71(m) > 0 then every component v,.m
with value zero fulfills the constraint w; > 0 with equality, and we can argue in anal-
ogy to the case n(m) = 0 by replacing the dimension £ by the number of non-zero
components of v*),

No other vertices can exist since the convex hull of all v® of form (16) is the

whole polytope P (m). This will be shown by establishing that
Pmy= ) o (17)

i¢N(m)

where Q; is the convex hull of all v® with A; = 0 and int(Q;) Nint(Q;) = @ if
i+ J.

By definition, all Q; are subsets of P (m), which implies 2 in (17). To see C in
(17), we first show that

0i = {w e P(m) | wis(m — 1) < wgs(m; — 1) < wis(my) Ve # i) (18)

and Q; coincide. Obviously, every v™® with A; = 0 is an element of the polytope Q;,
thus Q; C Qi. Conversely, every vertex w of Q,- has its component wg, k # i, deter-
mined as s (mg)w; /s(m; — 1) or s(my — 1)w;/s(m; — 1). The condition Zi:l wy =
1 implies that w = v™® for a A with 1; = 0. Hence, Q; C Q;.

Next, let w be a point in P(m). Then we can choose an index i ¢ N (m) such
that s(m; — 1) > 0 and w;/s(m; — 1) < w;/s(m; — 1) for all j ¢ N(m). Since w
fulfills the inequalities (2) it follows from (18) that w is an element of Q;.

Finally, according to (18), a point w € int(Q;) N int(Q ;) fulfills

wis(mj —1) <wjs(m; — 1) < wis(mj —1).

Hence, int(Q;) Nint(Q ;) =Wifi # j. O
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4.2. Volumes
The knowledge about the vertices now allows us to decompose the projected

cuboids Q; from (17) into simplices whose volumes can be computed by the deter-
minant formula. This ultimately yields the volume of P (m) given in Theorem 4.3.

Theorem 4.3. [fs(m;) > 0 foralli then

L
VOlz—l(P(m))=ﬁ Y |semi=n]T4; ZH

i¢N(m) Jj#i ces; L Li#i € 1%
(19)
where dj = s(mj) —s(m; — 1), S; is the group of permutations of {1, ..., £} leav-
ing i fix, co = Z(;:l s(mj—1), and
J ¢
S = Y smew)+ Y. stngg — 1) +s0mi—1).
k=1,k+i k=j+1, ki

Remark 4.4. It follows directly from Remark 4.2 that if s(m;) = O for some i, i.e.
if s(0) = 0 and m; = 0, then vol,_; (P (m)) = 0.

Proof of Theorem 4.3. Since permuting the components of a rounding result m
does not change the volume of P(m) we can assume without loss of generality
that m has ordered components, i.e. m| > mo > --- > my. This assumption implies
N@m)={€—nm)+1,..., .

The proof of Theorem 4.1 establishes

£—n(m)
volg_1(P(m)) = Y volg1(Qi) = Y volg—1(Qy). (20)
i¢N(m) i=l

Since all the Q; can be treated analogously, we will only demonstrate the calculation
of the volume of Q. The result for Q; is obtained by interchanging indices. If we
adopt the notation of the proof of Theorem 3.6 the arguments used there yield

volg—1(Q1)
g —
NG {1)' ‘det [nl(v(a(k D @) T - U(OU)]‘ :
2n
where v’ = s(my — 1)/¢(0p) = s(mi — 1)/co for all k=1,...,¢. In order to

evaluate the determinant in (21), we need to study the vertex V@D s first compo-
nentis s(my — 1)/c(o(1’)), and its o (k)th component equals s(mqk))/c(o A)) if
k=2,....,j+1, and s(mou) —1)/c(c(X))) if k=j+2,...,¢£ Obviously
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¢S(j+1) =c(o(A))), and setting x @) = y@) (5 (1)) we find that the
determinant in (21) equals D (o) /cy~" 1‘[§.:2 ¢% (j) with

D(o) = det [7{1 (cox(”(ll)) —cf 2)x00y ., m(cox("o‘l)) —cf (Z)x(o‘f))] .

(22)

Now ifk € {o(2),...,0(j + 1)} then

[71cox @D = 7 4+ Dx 0 | = costmi) = ¢ ( + Vst = 1)
j+1
= cody — s(m = 1) Y do(p).
p=2

since ¢ (j + 1) = co + Y01} dop). Ik € {0(j +2).....0(0)} then

[71(ox ™ = (j+ 1Dx ) | = costme = 1) = ] (j + st = 1)

Jj+1
= —s(mx —1) Y _ do(p).

p=2

In the following evaluation of D (o) we can ignore possible sign changes because of
the absolute value in (21). Switching row o (j) in row j yields that

4

cody2) — S(Me2) — Ddo) -+ codo@) — S(mo@) — 1) Y do(p)
p=2
¢
—s(mg3y — Dds2) o coda3) — S(me3y — 1) Y do(p)
D(o) = det p=2
¢
—s(mgey — Dds(2) o codgey — Smgy — 1) Y- do(p)
p=2

By factoring out dy(2) and adding — 21;)112 dy (p) times column 1 to column k, k =
L...,0—1,

¢
co—s(mg2) —1) —codszy -+ —co Y. do(p)
p=3
—s(m -1 cod, cod,
D(0) = dy ) x det (mg3) — 1) 0do (3) 0do (3)

—s(mo@ — 1) 0 codo (4)

—s(mgey — 1) 0 codos (0
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Now adding each row k, k > 2 to row 1, we obtain that

s(mp —1) 0 - 0
_s(mo'(3) - 1) C0d0(3) e C0d0(3)
D(0) =dy) x det | ~Smo@ =D 0 code (4)
—S(mg(g) -1 0 .. COda(Z)

4

=s(m; — l)Cgi2 1_[ do (jy-
j=2

It follows that the modulus of the determinant in (21) is equal to

s(m1 — l)l—[ﬁ':zdo'(j) _ s(m1 — 1)H§'=2dj
co [T52p 7 () colljmaef ()

(23)

When calculating voly,_1(Q;) instead of voly_1(Q1), the result in (23) becomes

s(mi — D1 d;
co [T5i €7 ()

Summing the pieces as in (20) yields formula (19) claimed in the theorem. [J

4.3. Volumes for stationary divisor methods

Let R be the g-stationary divisor method, i.e. s(k) = k + ¢. Then the differences
dy = s(my) — s(my — 1) are equal to 1 if my > 1 and ¢q if my = 0. This permits
simplification of formula (19) to the result in Theorem 4.5, which shows that the
volume of P(m) := Pr(m) depends only on n(m) = |{i | m; = 0}|.

Theorem 4.5. The volume of P(m) depends only on n := n(m) and is given by
"Vt
{—1
< " ) (M +1Lg—1)

1
x Z 2

e TS+ j+ =S @ = D)

-1
Zi:l ti=n

volg—y (P(m)) =

(24)

where we set 00 := 1.
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Remark 4.6. If ¢ =0 and n > 0, then ¢" =0 and vol,—; (P(m)) =0.If g =1,
then all rounding polytopes have the same volume.

Corollary 4.7. Ifn(m) € {0, £ — 1}, then the volume of P (m) for q € [0, 1] is given
by
1 .
S S =0
T o to— if n(m) )
voly_1(P(m)) = V€ x =1 Zj; )
T ifnm) =€~ 1.
[Tjma(M+jg—1)

The case n(m) = 0 in Corollary 4.7 is treated in [13, p. 204, Theorem 6.2.10].

Proof of Theorem 4.5. The case ¢ = 0 and n > 0 is an immediate consequence of
Remark 4.4. For g > 0 as well as for ¢ = 0 and n = 0, it holds that s (m;) > 0 for all
i. We assume that m is ordered as m > - - - > my, which implies that s(m; — 1) > 0,
and we can apply formula (19) from Theorem 4.3.

Now s(m; — 1) =m; +¢q — 1 foralli < £ —n. Moreover,d; = 1if j < £ —n,
anddj =qif j > € —n+1.Thusco=M + (£ —n)(g — 1) and

J ¢
/()= Z s(meo k) + Z s(mogy — 1) +s(m; — 1)
k=1, ksi k=j+1, ki
J {—n
Y mem )+ Y. mtg—-D+mit+qg-1)
k=1, ke keo((jfil,,l)\(i))
Z{M+jq+<1+p;’(j)><q—1> itj<i-1, 25)
M+G—-Dg+A+p7(g—-1 ifj=zi+1,

where p? (j) =lo({j + 1,..., 4\ {ih) N{L, ..., € — n}|. It follows from (19) that

volg—1 (P(m)) =

¢"Ve  Xiiomi+tq -1 Z
=D (M+E—nq—1) =TI
_ a"e !

B £ — 1)!06&_ l_[j;éi C?(j).

i 7 (J)

(26)

Let X; = > s, 1/ 14 ¢ (). Then X; is independent of the index i, which we
prove by showing that 3; = ¥; for all i < £ — n. To do so, we introduce the bijec-
tion f:8; — Sy for 1l <i <€ —n.Since f(o) € §7 it must hold that f(o)(1) =
1. The remaining components of f(c) are defined as follows. If o ~'(1) < i then
f@() =0 -1 forall je2....i}\ {o"" D)+ 1}, fF@) ' D)+ 1) =i,
and f(o)(j) = o (j)forall j > i + 1. Otherwise,if ' (1) > i + 1 then f(0)(j) =
o(j— 1 forall2 < j<i, f(o)(j)=0()) for all jeli+1,...,¢}\ {o_l(l)}

and f(0)(c~") =i. Then it is easy to see that p1 )(]) =p? (] — l) if2<j<i,
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and p! @ (j) = p? (j)if j > i + 1. Tt follows that ¢ (j) = ¢/ ' (j + D) if 1 < j <
i —1,and ¢? (j) = ¢/ (j) it i +1 < j < £, which yields
1 . 1
iz 7D T el )

and X; = X;. Hence (26) simplifies to

volg_1 (P(m)) =

q"V'e 3 1 o7

-0 =T, G)
o€S] j=2"1 J

It is easy to see that ¢{ (j) = cf (j) if 0 ~ 7 in the sense of (13). As in the proof of

Lemma 3.6 we index each equivalence class by a vector ¢ € {0, l}e’l, ﬁ;i th =n,

such that each permutation ¢ € S in an equivalence class associated with ¢ satisfies
ok+ 1)<l —nifty =0,ando(k+ 1) > € —n + 1 if # = 1. For a permutation
o € 8 associated to ¢,

-1 -1
P =Y —)=E—j)—) u
k=j k=j

Plugging this into (25) and the result for ¢{ (/) into (27) gives

volg_1 (P (m))

qn\/z Z 1
= — X s
(Z - 1) i MM+ G =g+ (42— j = X Zhwg — 1)
" izt ii=n

which implies the claimed formula (24). [J

4.4. Examples

As in Section 3.3, we illustrate our results by the rounding polytope for m =
(2, 2, 1), which is highlighted for ¢ = 0, 0.5, and 1 in Fig. 1(b), (c), and (d), respec-
tively. Forg = 0.5and ¢ = 1, 7(m) = 0 and P (m) has 2> — 20 — 1 = 6 vertices (cf.
Theorem 4.1). For ¢ = 0, i(m) = 1 and P(m) has 23 — 2! — 1 = 5 vertices (v1-1-9)
isnot a vertex since A; # Oforall j ¢ N(m) = {1, 2}). Table 2 gives the coordinates
of these vertices.

In the cases ¢ = 0.5 and g = 1 the vertices of P (m) can be arranged on a clock-
wise tour on the edges of P (m) according to the sequence

0,0,1) = (0,1, 1) - (0,1,0) = (1, 1,0) = (1,0, 1) — (1,0, 0),

of vertex-inducing vectors A. In the case ¢ = 0, . = (1, 1, 0) would be skipped.
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Table 2
The vertices v of P(m),m = (2,2, 1), determined by Theorem 4.1

A v®e() () v

q=0 (0.0.1) (1. 1.1 3 Ta.Ln
(0,1,0) (1,2,0) 3 1(1,2,0)
0, 1,1) (1,2, 1) 4 10,21
(1,0,0) 2.1,0) 3 1(2.1,0)
(1,0, 1) @ 1,1 4 121D

q=05 0,0, 1) (1.5,1.5,1.5) 4.5 §(3.3.3)
(0, 1,0) (1.5,2.5,0.5) 4.5 §3.5.1)
0,1, 1) (1.5,2.5,1.5) 55 £3.5.3)
(1,0,0) (2.5,1.5,0.5) 4.5 §(5.3.1)
(1,0, 1) (2.5,1.5,1.5) 55 £(5.3.3)
(1,1,0) (2.5,2.5,0.5) 55 £6.5.1

g=1 (0,0, 1) (2,2,2) 6 £2.2,2)
(0,1,0) 2,3, 1) 6 23
©,1,1) 2,3,2) 7 $(2.3,2)
(1,0,0) (3,2, 1) 6 3.2
(1,0,1) (3,2,2) 7 13.2,2)
(1,1,0) (3.3, 1) 7 13,31

Finally, by Corollary 3.5,

3 o _
B ~0.144 (q = 0),

volg_1 (P(m)) = } <3< ~ 0.070 (g =0.5),

3 ~0.041 q=1.

5. An application in political science

In the electoral apportionment problem, the weight vectors w are vote fractions of
parties and the rounding result m is the vector of the seats in a parliament allocated to
the different parties. The number of seats for the ith party is an approximation to the
idealized share of seats the party should obtain, i.e. m; ~ w; M. Since the number of
votes is usually much larger than the number of seats M, there will be an inevitable
gap m; — w; M, which expresses whether party i obtains more or less seat fractions
than its ideal share projects.
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Schuster et al. [18] investigate whether a rounding method leads to a systematic
advantage for large (or for small) parties. To formalize this question, they condition
uniformly distributed weight vectors w to be ordered as w > wy > -+ - > wy and
define the seat-bias of the ith largest party as

Bi(M) :=E[m; —w;M |w; 2wy = --- = wel.

A bias B; (M) = 0.3, for example, means that in 10 elections for a parliament of M
seats the ith largest party gains on average three seats. Here we show how Schuster
et al. used the results we developed in Sections 3 and 4 to find their formulas for
B; (M), which are stated without proof in [18].

The distribution of w conditional on {w{ > wy > --- > wy} is uniform on the or-
dered probability simplex S> := {w € S|w; = wy > --- > wy}, which, due to sym-
metry, has volume voly—1(S>) = voly—1(S)/£!. First we compute the expected ideal
share of seats of the ith largest party.

Lemma 5.1. The expected ideal share of seats of the ith largest party equals

14

M 1 M
Ii(M) IZE[wiM|w1>w2>“->wz]=72—_=72
(28)

Proof. The vector I (M) = (I1(M), ..., I;(M)) equals M times E[w |w| > wy >
-+ > wy], and the latter expectation is the center of mass of the simplex S>. The
center of mass of a simplex is the (arithmetic) mean of its vertices. The vertices of
S- are the vectors w), j =0,..., £ — 1, with ith component wfj) =1/ —j)if
)

i

i<l—jand w
yields (28). O

= 0 else (cf. [8]). Multiplying the mean of these vertices by M

Next we compute E[m;|lw; > wy > --- > w¢] by summing over all possible
rounding results m. Since the studied methods round ordered weight vectors to or-
dered rounding results, the sumisoverallm in G :={m e G|\my >2mp > --- >
my}. The terms m; in the sum are weighted by the probability that m is the round-
ing result. Since the weights are uniformly distributed this probability is equal to
vole—1 (P (m) N Ss)/vole—1(S>).

Let b(m) := ]_[f;]l HJjlmiyj =m;, 0 < j < £—1i}| count the permutations that
leave m invariant. Then voly,_1(P(m) N S>) = voly—1 (P (m))/b(m), and

Vol (P(m))

£!
BZ(M) == m X meXG: mlW —Il(M)

With the results for vol,_ (P (m)) developed in Sections 3 and 4, it is a lengthy but
straightforward calculation to find the formulas for B; (M) given in [18].



M. Drton, U. Schwingenschlogl / Linear Algebra and its Applications 378 (2004) 71-91 91

Acknowledgements

We thank Friedrich Pukelsheim for introducing us to the topic of rounding meth-

ods,

and the referee for very helpful suggestions.

References

[1]

[2]
[3]

[4]
[5]

[6]
7]
18]
(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]
[17]

[18]

[19]
[20]

B.D. Athanasopoulos, Probabilistic approach to the rounding problem with applications to fair rep-
resentation, in: Approximation, Probability, and Related Fields (Santa Barbara, CA, 1993), Plenum,
New York, 1994, pp. 75-99.

B.D. Athanasopoulos, Probabilistic approaches to the rounding problem, Serdica 20 (1994) 306—
327.

M.L. Balinski, S.T. Rachev, Rounding proportions: rules of rounding, Numer. Funct. Anal. Optim.
14 (1993) 475-501.

M.L. Balinski, S.T. Rachev, Rounding proportions: methods of rounding, Math. Sci. 22 (1997) 1-26.
M.L. Balinski, H.P. Young, Fair Representation—Meeting the Ideal of One Man, One Vote, second
ed., Brookings Institution Press, Washington, DC, 2001.

H. Bergold, Wie gerecht sind unsere Verhiltniswahlen? Didaktik Math. 7 (1979) 266-278.

H. Bergold, Mehr Chancen fiir AuBenseiter, Didaktik Math. 18 (1990) 38-51.

W. Biihler, Characterization of the extreme points of a class of special polyhedra, Z. Oper. Res. 19
(1975) 131-137.

G. Dorfleitner, T. Klein, Rounding with multiplier methods: an efficient algorithm and applications
in statistics, Statist. Papers 40 (1999) 143-157.

M. Drton, U. Schwingenschlogl, On methods for rounding probabilities and other fractions, Tech-
nical Report 450, Institut fiir Mathematik, Universitat Augsburg, 2003.

C.H. Edwards Jr., Advanced Calculus of Several Variables, Dover Publications, New York, 1994
(Corrected reprint of the 1973 original).

M. Happacher, The discrepancy distribution of stationary multiplier rules for rounding probabilities,
Metrika 53 (2001) 171-181.

K. Kopfermann, Mathematische Aspekte der Wahlverfahren—Mandatsverteilung bei Abstimmun-
gen, Wissenschaftsverlag, Mannheim, 1991.

A.W. Marshall, I. Olkin, F. Pukelsheim, A majorization comparison of apportionment methods in
proportional representation, Social Choice and Welfare 19 (2002) 885-900.

G. Pdlya, Sur la représentation proportionelle en matiere électorale, L’Enseignement Math. 20
(1918) 355-379.

F. Pukelsheim, Efficient rounding of sampling allocations, Statist. Probab. Lett. 35 (1997) 141-143.
F. Pukelsheim, S. Rieder, Efficient rounding of approximate designs, Biometrika 79 (1992) 763—
770.

K. Schuster, F. Pukelsheim, M. Drton, N.R. Draper, Seat-biases of apportionment methods for pro-
portional representation, Electoral Studies 22 (2003) 651-676.

R. Webster, Convexity, Oxford University Press, Oxford, 1994.

D. Wode, Uber die Wahrscheinlichkeit absoluter Mehrheiten, Didaktik Math. 9 (1981) 104—110.



