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Abstract

The hiring problem is a recent research problem, which
has been introduced and studied first by Broder et
al. [2] in 2008. It belongs to the category of on-line
decision making under uncertainty. In such kind of
research, the input is a sequence of instances and a
decision must be taken for each instance depending
on the instances seen so far while no information on
the future is available. The hiring problem can be
considered as a natural extension of the well-known
secretary problem [3], where the employer is now looking
for many candidates rather than only one (as it is the
case for the secretary problem). Here the goal is to
design some hiring strategy to meet the demands of
the employer, which essentially are to obtain a good
quality staff at a reasonable hiring rate. Broder et al.
introduced two so-called “Lake Wobegon strategies”,
namely “hiring above the current mean” and “hiring
above the current median”, applied for a continuous
probabilistic model for the sequence of scores of the
candidates.

Archibald and Martinez [1] have reformulated the
problem for a discrete model that considers the relative
ranks amongst candidates as it is the case in the
secretary problem. For this model in [1] the authors
studied two general strategies, namely “hiring above the
m-~th best candidate”, and “hiring above the median”
(and other quantiles). In this work we give a detailed
study of the “hiring above the median” strategy under
this discrete model for the input sequence of scores of
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the candidates. This strategy processes the sequence
of candidates as follows: hire the first interviewed
candidate, and then any coming candidate is hired if
and only if his rank is better than the rank of the median
of the already hired staff, and discarded otherwise.

Compared to the previous work of [1] we use a
somewhat different recursive approach for a study of the
“hiring above the median” strategy leading to rather
explicit results. The key ingredients are to take into
account the score of the median (the so-called decision
maker) of the hired staff during the hiring process as
well as to distinguish between two cases according to
the parity of the size of the hiring set. Considering
the transition probabilities during the hiring process
yields, for fundamental hiring quantities, a system of
linear recurrences that can be translated into a system
of partial differential equations for the corresponding
generating functions. In order to solve the PDEs
appearing it turned out to be crucial to find suitable
normalization factors of the studied recursive sequences,
such that one of the corresponding generating functions
itself reduces to a first order linear PDE.

The exact solutions obtained for the differential
equations yield to a rather detailed description of the
exact probability distributions together with limiting
distribution results for various hiring quantities, which
might lead to a fairly good understanding of the “hiring
above the median” hiring process. In particular we
obtained results for the number of hired candidates,
the score of the last hired candidate, the index of the
last hired candidate, the distance between the last two
hirings, the score of the best discarded candidate, and
the number of hired candidates conditioned on the score
of the first candidate. We also give the probability
that a given score is getting hired in a sequence of n
candidates.

1 Introduction

The hiring problem Problems related to on-line deci-
sion making under uncertainty arise in various contexts,
e.g., in computer science and economics, and thus mak-



ing this subject an active research discipline. A specific
simple model for on-line decision making under uncer-
tainty has been introduced by Broder et al. [2] called
the “hiring problem”. Here, in analogy to the famous
“secretary problem”, see, e.g., [3], a sequence of candi-
dates is interviewed sequentially and for each candidate
one has to make an immediate decision whether to hire
him or not based on the subsequence examined so far,
while nothing is known about the future. However, un-
like in the secretary problem, the number of candidates
is not known in advance (and might be infinite) and
the goal for the employer is different: the aim is not
to hire one candidate, namely the best of the whole se-
quence, but, informally speaking, rather to hire many
candidates of a reasonable good quality at a reasonable
hiring rate (i.e., the ratio between the number of hired
candidates and the number of interviewed candidates).
Any hiring strategy has to meet the following common
rules: a decision must be taken whether to hire the i-th
candidate or not at step ¢, decisions are irrevocable, and
there is no information on the future.

In the probabilistic model introduced and studied
in [2] it is assumed that the absolute quality scores of
the candidates are given by independent identically dis-
tributed random variables (r.v.), which are uniformly
distribution on [0,1]. Two natural strategies for re-
cruiting candidates which are called “Lake Wobegon
strategies”! have been considered; they have the com-
mon feature that a new candidate is recruited only if he
is better (i.e., if he has a larger score) than the “average
employee”, where for the score of the average employee
they either refer to the mean or to the median of the
scores of the already hired staff. Using this continu-
ous model the authors studied, for both of these hiring
strategies called “hiring above the mean” and “hiring
above the median”, as main hiring parameters the num-
ber of interviews required to hire n candidates (yielding
thus the hiring rate) as well as a quality measure for the
hired staff called the gap of the n-th employee, which is
defined by the difference between the maximum possible
score (i.e., 1) and the score of the n-th hired candidate.

Whereas decision making for the strategy “hiring
above the mean” crucially depends on the absolute
values of the scores this is not the case for the strategy
“hiring above the median”, where only the relative
ranks of the candidates are important (as it is also
the setting in the secretary problem). For such “rank-
based hiring strategies” Archibald and Martinez [1]

TAs pointed out in [2], Lake Wobegon is a fictional town, where

“the women are strong, the men are good looking, and all the
children are above average”. The considered strategies match
this term in the sense that each recruited candidate, at least at
the time when he is hired, is above “average”.
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introduced a natural combinatorial (discrete) model
for the distribution of the ranks of the sequence of
candidates, which will be also the underlying probability
model for all of the studies in this work. Basically, in
this model each permutation o, of {1,2,...,n} appears
with equal probability for the ranks of a sequence of
n candidates, where we assume that the worst-ranked
(i.e., rank 1) candidate gets value 1 and the best-
ranked (i.e., rank n) candidate value n; thus we use the
term “random permutation model”. However, since we
might deal also with infinite sequences of candidates, the
following definition, which matches with the preceding
one for finite sequences, is advantageous.

As mentioned we assume that the sequence of can-
didates may be infinite and that we can rank candidates
from best to worst without ties. So we start giving the
first interviewed candidate a rank 1 while we assume
that at step 4 all values from 1 (worst) to ¢ (best) appear
equally likely (and are independent of the choices of the
other candidates) as relative rank of the i-th candidate.
More formally, the input is a sequence of relative scores
S = s1,82,...,8i,..., with 1 < s; < i, of the candi-
dates. For a candidate with score s;, exactly s; — 1 pre-
vious candidates rank worse than that candidate. The
relative score s; of the i-th candidate is uniformly dis-
tributed on {1,2,...,4} and independent of s;,j # i.
Then each finite subsequence of candidates represents
a random permutation o, of {1,2,...,n}. More pre-
cisely, o, can be obtained recursively as follows: given
a permutation o,_;1 (of size n — 1) and a value (rela-
tive rank) j, 1 < j < m, 0, = 0,-1 0 j denotes the
resulting permutation after relabelling j,j+1,...,n—1
ino,_1asj4+1,5+2,...,n, and appending j to the
end. For example, let Sg = 1,2,1,4,1,5,4,6 represent
the input sequence of relative ranks of the candidates.
Then o1 = 1,00 =0102 =12, 03 = 0501 = 231 and
so on until og = 35281746.

The strategy “hiring above the median” In the
“Lake Wobegon” strategy “hiring above the median”
the first candidate in the sequence is always recruited
and, after that, a new candidate is recruited exactly if
his quality score is better than the median score of the
staff hired so far. We use here the convention (which is
then in accordance with [2]) that the median of a set of k
(distinct) elements 1 < ro < - -+ < 1 is the /-th largest
element, i.e., rpy1_p, with £ = [%] As an example,
if we apply the “hiring above the median” strategy to
the sequence of (absolute) scores 0 = 35281746 the
hiring set (i.e., the set of hired candidates) consists of
{3,5,6,7,8} (which are underlined in o), since each of
these candidates has, at the time of hiring, a score better
than the median of the previously hired candidates.
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The number h,, of hired candidates, i.e., the size
of the hiring set, of a sequence of n candidates for the
random permutation model using the strategy “hiring
above the median” has been studied in [1]; in fact,
they even consider more general strategies called “hiring
above the a-quantile”, where a new candidate is only
recruited if he has a score larger than the a-quantile,
0 < a < 1, of the scores of the already hired staff. For
all of these strategies they were able to determine the
exact growth order of the r-th integer moments of h,,:

E(h;,) =0(n*"), reN.
In particular, when specializing to the “hiring above the
median” strategy, i.e., « = 1, they get E(h%) = O(n?).

As is somehow inherent in the problem and already
observed in [1, 2] there is always a trade-off between the
hiring rate and the quality of the recruited staff (i.e., the
more candidates are hired, the worse is the staff quality
and vice versa). Thus, besides the fundamental quantity
h, describing the size of the hiring set, it is also of
interest to study quantities measuring the quality of the
hired staff as well as quantities which help to understand
the dynamics of the hiring process. One parameter
yielding such a quality measure is the gap g¢,, which
has been defined in [1] for the discrete model as 1 — =
where R,, denotes the rank of the last hired candidate
in a sequence of n candidates. Again, for “hiring above
the a-quantile”, Archibald and Martinez obtained in
[1] the exact growth order for the expectation of gy:
E(ga) = O(n"1).

It is the aim of this paper to give a detailed study of
the “hiring above the median” strategy for a sequence
of candidates following the random permutation model.
We do this by first giving a distributional analysis of
the number h,, of hired candidates, characterizing the
exact and limiting distribution, which, as a consequence,
also yields exact and asymptotic results for a couple
of further quantities of interest when describing the
dynamics of the hiring process as the “index of the
last hired candidate”, the “distance between the last
two hirings”, and the “probability of getting hired for
the n-th candidate”. Furthermore, we introduce and
study quality measures as the “score of the last hired
candidate”, the “score of the best discarded candidate”,
and the “probability of getting hired depending on the
score of the candidate”, for which we present exact
and (in most cases) asymptotic results. A detailed
description of the quantities studied and a presentation
of the results is given in the following section.

A recursive approach to treat “hiring above the
median” Archibald and Martinez introduced a sys-
tematic approach using analytic combinatorics tech-

niques to analyze quantitative properties of hiring
strategies, which they applied to the strategies “hir-
ing above the a-quantile” as well as to another strat-
egy called “hiring above the m-th best”. Using this
approach, a direct treatment of quantities for the strat-
egy “hiring above the median” turns out to be involved
(mainly due to the appearance of the ceiling-function in
the definition of the median), and the authors sticked to
compute upper and lower bounds leading to the results
mentioned before. To resolve this problem and to carry
out a distributional analysis of the quantities of interest
we use a slightly different approach, where we take care
of the rank of the median of the hiring set during the
hiring process. During the process, the median of the
current hiring set could be considered as the “decision
maker”, who actually makes the decision, whether a new
candidate is recruited (if he has a score larger than the
decision maker) or not (otherwise). It is a simple but
quite useful observation that, when applying the strat-
egy “hiring above the median” (note that this property
even holds for the “hiring above the a-quantile” and
also for the “hiring above the m-th best” strategy), at
each time of the hiring process all candidates seen so far
with a score larger than the current decision maker are
contained in the hiring set (i.e., have been recruited).
Thus there is a simple relation between the score of the
decision maker and the size of the hiring set. Let us
assume that in a sequence of n candidates k candidates
are eventually recruited and let us further assume that
the decision maker has the ¢-th largest score amongst all
candidates in this sequence. It follows then that £ = %
if kisodd and £ = E+1if ¢ is even, ie., £ = | 22|, And
this yields the basis of the recursive approach, where we
thus have to distinguish according to the parity of the
size of the hiring set and to take into account the score
of the decision maker.

Many of the quantities considered here can be ex-
pressed by the sequences of numbers ag’]e and af }e, which
give the probabilities that, after interviewiné n can-
didates, the decision maker has the ¢-th largest score
amongst all candidates and an odd or even number of
candidates has been hired, respectively. Moreover, the
remaining quantities are obtained by studying exten-
sions of them to take into account further parameters.
The following “automaton” describes then the “transi-
tion probabilities”, when at time n 4+ 1 a new candidate
appears, whose score will be compared with the score
of the decision maker, which is the /-th largest amongst
the first n candidates (please note that, of course, the
hiring process is not described by a finite two-state au-
tomaton, but it shall give a simplified picture of the
underlying two-type Markov chain); here states 1 and 2
correspond to an odd and even number of hired candi-
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For the fundamental quantities studied in this
work this naturally leads to systems of two double- or
triple-indexed linear recurrences, which can be “trans-
lated” into systems of linear partial differential equa-
tions (PDEs) for the corresponding generating func-
tions. However, here a second aspect of the present
approach comes into play: a direct treatment of the re-
currences obtained via generating functions always leads
to pairs of first order PDEs, which then yield second or-
der linear PDEs for each of the generating functions
corresponding to an odd or even number of hired can-
didates, respectively. Since it seems quite involved to
get the desired solutions of these second order PDEs
in a systematic way we used a “trick” similar to one
applied (in a slightly different context) in a PDE ap-
proach for the study of diminishing urn models in [5].
Namely, we were successful in finding suitable normal-
ization factors of the studied recursive sequences, such
that one of the corresponding generating functions itself
reduces to a first order linear PDE (or even to an or-
dinary differential equation). The explicit solutions of
these differential equations also lead to explicit results
for the exact distribution of the fundamental quantities
considered, from which the limiting distribution results
can be obtained in a rather straightforward way.

2 Hiring quantities and results

2.1 Definition of hiring quantities We give here
a precise description of the parameters studied for the
strategy “hiring above the median” using the random
permutation model for the input sequence of candidates.
As already mentioned the basic quantity is the r.v. h,,,
which gives the number of hired candidates (i.e., the size
of the hiring set) for an input sequence of n candidates
thus yielding the hiring rate. Obviously closely related
to this quantity is the probability p, that the n-th
candidate in a sequence of candidates is getting hired.
Two quantities, which shall give some insight into
the dynamics of the hiring process, are the r.v. L,
giving the index of the last hired candidate and the
r.v. A, giving the distance (i.e., difference) between
the indices of the last two recruited candidates in a
sequence xi,Ts, ..., T, of absolute scores (ranks) of n
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candidates. Thus, L,, = ¢ if x; is recruited, but z;, for
all j > ¢ aren’t. Also, if there are at least two recruited
candidates, then A, = d if z;_4 and x; are recruited,
but z;, i—d < j < iorj >4 aren’t; moreover, if there is
only one recruited candidate (which happens if the one
with largest score appears at first position), then we
define the distance A,, as 0. It has been noticed in [2]
that the hiring process is quite sensitive to the score of
the first candidate (and thus the first hired candidate)
in the sequence. To get a quantitative result in this
direction we also study the r.v. h, 4, which gives the
number of hired candidates h,, conditioned on the event
that the candidate with score ¢ (i.e., the ¢-th smallest
candidate) in a sequence of n candidates appears at first
position. Of course, if we denote by U, the absolute
score of the first candidate, it holds hy 4 = hy|U, = ¢,
where, for the considered random permutation model,
U, is uniformly distributed on {1,2,...,n}.

Let us now define the quantities concerning quality
measures of the hired staff in a sequence x1, xs, ..., x, of
scores of n candidates. The r.v. R, gives, for a sequence
of n candidates, the score of the last hired candidate,
i.e., R, = z; if x; is the last candidate which is recruited.
Directly related is the gap g, = 1 — %, which has
been introduced in [1] in order to measure how close
the quality of the last hired candidate is compared to
the topmost one; thus when presenting our results we
entirely stick to R,,. The r.v. M, gives, for a sequence of
n candidates, the score of the best discarded candidate,
i.e., the maximum score amongst all candidates which
are not contained in the hiring set. In a sense, this
quantity describes how selective the hiring process is
and thus yielding also a quality measure for the hired
staff. Furthermore, we introduce the probabilities p,, 4,
which give the probability that the candidate with score
q (i-e., the one with rank ¢ and thus the g-th smallest)
in a sequence of n candidates is getting hired. Note
that tI‘iVia’Hy % = Dn,1 < Pn,2 < - < Pnn = 1 by
considering the probabilities conditioned on the event
that the candidate with rank ¢ appears at first position,
second position, etc. in the sequence. Note that these
probabilities can also be used to give a first result for
the r.v. S,, measuring the total score of the hiring set,
i.e., the sum of the scores of the elements in the hiring
set (a quantity, which seems difficult to treat directly
via the proposed recursive approach), since E(S,) =
22:1 q-Pn,q; however, since so far we didn’t evaluate the
triple sum appearing for this expression asymptotically,
here we do not state results for this quantity apart from
the trivial bound E(S,,) = ©(n?).

We illustrate these quantities on the example se-
quence 0 = 35281746 of scores of the candidates, for
which we get h =5, L =8 A=2, R=6, M =4 and
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S =29.

2.2 Results for “hiring above the median”

Theorem 1. Let h, denote the number of hired can-
didates for n candidates and using the strategy “hiring
above the median”. Then the exact distribution of h,, is
given as follows, with 1 < k < n:

1|k
i)
(r57)

), for k=2¢—1 odd,

P{h, =k} =

"‘N

—
f\:

Nﬁ/-\
.\;N\./

(i) =20 — 2 even
(DR fork=20—2 .

After normalization, the r.v. h, is asymptotically, for

n — oo, Rayleigh distributed with parameter o = /2,

i.e., h—\/’% —(E)—> R, where R has the density function

n
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Furthermore, the expectation of hy satisfies: E(hy,)
Vry/n+ O0(1).

Corollary 1. Let p,, denote the probability that the n-th
interviewed candidate is getting hired by using the strat-
egy “hiring above the median”. Then the probability p,
s given by the following exact and asymptotic formula:

for x> 0.

L(20—Dn+ 0230 (7))
f (n—10) ()
2\\; (1+O(n z)).

Theorem 2. Let L,, denote the index of the last hired
candidate for n candidates and using the strateqy “hiring
above the median”. Then the exact distribution of L,, is
giwen as follows: for 1 <m < n,

n =

M |

~
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m—1 (mflff)

o1 (7))
+> ; 2

]P){L'fb = m} = Z 61_12 n ?
/=1 (ﬁ) =1 (ﬁ)
and P{L, =1} = L.
Asymptotically, for n — oo, the r.wv. L, is dis-

n—"L, (d)
o — X, where the density

function f(x) of X is given by

tributed as follows:

f(x) = 2/ e @ a2 > 0.
0

(Note that the moments E(X") of X do not exist for
r > 2.) Furthermore, the expectation of L, satisfies:

E(L,) =n—+/7y/n+ O(logn).

Theorem 3. Let A, denote the distance between the
last two hirings for n candidates and using the strategy
“hiring above the median”. Then the exact distribution
of A, is given as follows:

%7 d = 07
m=1 (=1 (511) mtd—f
P{An = d} = n—d—1 m (7;1—() ’
—2 na
DN IR AN
1
+n(n—1)7 l<d<n-1

Asymptotically, for n — oo, the r.v. A, is distributed

\/ﬁ @, X, where the density function f(x)

of X is given by
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Theorem 4. Let hy, 4 := h,|U,, = q denote the number
of hired candidates for n candidates and using the
strateqy “hiring above the median” conditioned on the
event that the score Uy, of the first candidate is q. Then
the exact distribution of hy q is given as follows, with
1<k, qg<n:

as follows:

et g 1> 0.

(,;,q) , fork=20-1
n—q+17€)
£—2

N GO
The r.v. hpg converges, for n — oo and provided
that n — q — oo, to a limiting distribution Q, i.e.,
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E)% Q, where Q has the density function

N
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§€ T, for x > 0.

h(z)
Theorem 5. Let R,, denote the score of the last hired
candidate for n candidates and using the strateqy “hiring

above the median”. Then the exact distribution of R, is
given as follows:

for1 <r<n.

Asymptotically, for n — oo, the r.v. Ry, is distributed as

follows: "_—\/gn ﬂ Y, where the density function g(x)

of Y is given by

g(z) = 2/ e_(g”+t)2dt, x> 0.
0

odd,

even.



Theorem 6. Let M, denote the score of the best
discarded candidate for n candidates and using the
strategy “hiring above the median”. Then the exact
distribution of M, is given as follows, for 1 <r <n—1:

ri, =) - £ LD

T

1+

n—2€—r—|—1)(2n—2€—r+l)>
(n—7)

— (n E_rJrl) (QTL;Ei:T;"l)

G0 ()
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r(n—r) ’

+
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and further P{M,, = 0} =

ﬁ. After normalization,
the r.v. M, is asymptotical(lgjj for n — oo, Rayleigh
distributed with parameter o = 1/v/2, i.e., % —@—>
R, where R has the density function

flz) = Qme*”ﬁ,
Theorem 7. Let p,, denote the probability that the
candidate with score q of n candidates using the strategy

“hiring above the median” is getting hired. Then the
probabilities p, 4 are given as follows, with 1 < g < n:

for x > 0.

n—q E
Pn, n n
.= glm(nﬁ;)
“< )<n e—q+k>< n—0+1 )
Pt n—¢—q+k+2
(£—1)
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3 Comments on the proof of the results

(]

It is here only possible to very briefly sketch the proof of
the results stated in Subsection 2.2. We will focus there
on showing how to derive the explicit results character-
izing the exact probability distributions of the quantities
considered, since, due to the explicit nature of these ex-
act formulas, the stated asymptotic results follow from
them essentially by applying Stirling’s formula for the
factorials in connection with standard techniques as Eu-
ler’s summation formula and the Mellin-transform.

A. Helmi and A. Panholzer

3.1 Proof of Theorem 1 As follows from the re-
marks given in Section 1, the there defined sequences
L][ and a fully determine the probability distribu-

tion of h, accordlng to

(1]
a k odd
Plh, =k} =4 % ’
k41 k even.
From the description of the hiring process via the tran-
sition probabilities of the automaton given in Section 1
the following recurrences for the probabilities aE]e and

a[n%]e are deduced immediately (with initial values a[llj]l =

1 and a[ﬂ = 0 and where we define a,gll)]e = af}e =0
outside the range 1 < ¢ < n):

m_t o AN

n,d ﬁ Q14 + (1 - ’fl) “Qp 0
l— 1 14 2
— Tl (1) el

In order to treat this system of recurrences we intro-
duce suitable generating functions using the normaliza-
tion factor (), which reduces the occurring system of
linear PDEs to a single first order linear PDE (instead
of second order without normalization); i.e., we consider

b[ﬁ],e = ( ) L] , and the corresponding generating func-
tions Bll(z,u) = D on>121<<n bgez"ue This yields
the following linear first order PDE for B (z,u):

n>2 1<{<n,

S]

2,2
z(1—z)BlY (z,u)+(zu —u— ; &

which, after adapting the general solution to the initial
conditions (which for PDEs is not always trivial) leads
to the following astonishing simple solution of the
problem:

Bl __
(z,u) 1—2z—2%u
Extracting coefficients via al', = %)[z"ue]B[ Nz, u)
’ e

. 2] . . .
and then expressing aEL ]e via the above recursive descrip-

tion yields to explicit results for the required probabili-
ties:

n—~_
Ll][ _ (E;l) . and

(%)
J2 _ntl (am B (1_ 4 >am> _ (?:5)
né E n+1,¢ n+1 n,f (f:bl)

This leads to the exact probability distribution of h,, as
stated in the theorem.

n>21</0<n.

) Bq[}] (Zv u)sz[l] (Zv u) =0,
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The corresponding limiting distribution result fol-
lows immediately from the local expansions (obtained
by applying Stirling’s formula)

-(1+O(2)+O(€)+O(€3))7

n n2

m oo _f 2

a ~ = —e n
n,l n,l n

uniformly for 1 < /¢ < n%"ﬁ

whereas these numbers are exponentially small for ¢ >
2
n3te, yielding thus P{h, = k} ~ £e 3 (valid, in
1 1
particular, for k € [n2=¢ nzt)).

3.2 Consequences of Theorem 1 The computa-
tions and results for the sequences al’ ¢ given in Subsec-
tion 3.1 lead also to results for the 7quantities Dny L,
A,, Ry, and h, , (although some of these derivations
are a bit less immediate), thus showing the correspond-
ing theorems stated in Section 2.2; we just comment
very briefly on two of these parameters.

The probability that the m-th interviewed candi-
date is the last one hired satisfies:

P{L,, = m} = P{We hire at position m}
- P{No hirings from position (m + 1) till n}

(=1 j=m
m—1 n—1
P 14
e (- 555).
=1 m j=m J+ 1
for 1 < m < n, whereas P{L,, = 1} = 1, yielding

the exact result stated in the theorem. The limiting
distribution result follows then by setting m := n—k and
the local approximation (obtained by Stirling’s formula)
valid for k = O(nzt¢):

_ L(k+0)

n .

2
P{Ln:n—k}NZZ%e

£>1

The stated asymptotic result for the expectation
E(L,) = )., mP{L, = m} follows from a more
detailed study of the occurring sums applying basic
Mellin-transform techniques, i.e., using the representa-

. 2 i
tion )" ,oy tie= " = e gj;;o '(s)n®¢(2s — j)ds, with
C>%,f0rj2—1.

Furthermore, the probabilities p,, can be obtained
easily due to the relation (there are £ possibilities (out
of n) for the n-th candidate being hired, if the decision

maker has the ¢-th largest score after n — 1 interviews):

n—1
¢ ¢ 12
Dn = Z (nanl,e + Bon—1e) T =2, p=1L
=1

3.3 Proof of Theorem 6 A direct recursive study
of M, seems to be involved (e.g., a PDE approach
leads to equations, where the unknown boundary val-
ues explicitly appear). We resolve the problem by con-
sidering auxiliary quantities, namely dg]e and df]é o
0 < g < n— ¢, which give the probabi,lilcies that,yf’or
n interviewed candidates, the decision maker has the
{-th largest score in the sequence, that an odd or even
number of candidates, respectively, has been recruited
and that all of the £ 4+ ¢ highest ranked candidates are
hired (and maybe others). But the probability that the
best discarded candidate has rank r is simply given by
the difference between the probability that all candi-
dates with a rank higher than r are recruited and the
probability that all candidates with a rank higher than
r — 1 are recruited, which yields the following relation
eventually characterizing the distribution of M,,:

n—r
]P{Mn = T} = Z (dg,]f,nféfr - d’[ﬂl,]z,nféf""”l)
=1

n—r
~[2] ~[2]
+ Z (an,é,n—é—r - an,é,n—l—r-{-l)'
{=1

Of course, &L] 0o = auz, where the latter numbers
are defined in Section 1, since the ¢ highest ranked
candidates are always hired if the decision maker has the
{-th largest score. By an extension of the automaton for
the transition probabilities as given in Section 1 one gets
that the quantities dg&q satisfy (forn > 2,1 <{¢<n
and 1 < ¢ < n —{) the following system of recurrences:

NI 2N C+q\ .n
an,&q - ﬁ : anfl,é,qfl + <1 - n ’ anfl,l,q’

2 =1 l+q . [2]
an,é,q - n ’ anfl,éfl,q + (1 - n ’ anfl,f,q'

To treat these recurrences it turns out that the normal-
ization factors er(n+'1—e)l are appropriate and lead to a
reduction of the system of PDEs for the corresponding
generating functions; one even gets the following ordi-
nary differential equation:

z2(1—2)
(1—2z—2%u)?

Al — il ¢
for B (z,u,v) := anl Zlgégn Zlgqgn—e bg&qz”u v
Wlth bgje’q = g!(nfniéfq)ld[]

Extracting coefficients from the proper solution
of this differential equation eventually leads to the

following explicit results for the required probabilities:
A N
_ ()Gt

@D

(1=2)? oy

Bgl](zvuav)_ 22020 (Z,U,’U)+ =0

11

nt,q

and



o ) ()
iy, :%7 0<g<n-—{
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which show the result for the distribution of M, stated
in the theorem.

3.4 Proof of Theorem 7 It suffices to study the
numbers ag.]z‘q and af,]g,q, 0 < g < n— /4, which give
the probabilities that, for n interviewed candidates,
the decision maker has the ¢-th largest score in the
sequence, that an odd or even number of candidates,
respectively, has been recruited and that the candidate
with the (¢ + ¢)-th largest score amongst all candidates
is hired. The probabilities p, , can be obtained from

these numbers via the following relation (with ag]’ ¢ the

sequences defined in Section 1):
n—q

— § : (1] 2]
Pn,qg = (a’n,l,nffqurl + an,é,nflqurl)
£=1

1 2
+ Z (GL ,]Z + CLL ,]Z ) .
l=n—q+1

But the probabilities aEll]g p and a[nQ]g q satisty (for n > 2,

1<{<nandl1<gq §7 n— ?) the 7f0110wing system of
recurrences, which can be obtained by an extension of
the automaton for the transition probabilities presented
in Section 1:

’g,]f,q = g 'aEL,e,qq + % ‘ a£z2]717€7q71
+(1 é:q> cahl
a’f,]f,q = %1 'agzl]fl,ffl,q + Q;nl : aELl]fl,Z,qfl
(1),
It turns out that the normalization factor

(271)!(q7’1l)!!(n7£7q)! yields a reduction of the system of

PDEs for the corresponding generating functions and
one gets

2,,2
o(1 -z — 20) BN (z,u,0) — B (z,u,v)

1—z—2v
(1 n 22uw

(- —=

1

—Z — 2V

)B[l](z, u,v) =0,

for B (z,11,0) 1= ¥,21 Trcren Trcgen- o Vhle? 0"

with b'[r;],l,q = (671)!((]7?)!!(”7[7@!ag]yé,q. However, we
note that it turned out to be rather involved to adapt
the general solution of this PDE to the boundary val-
ues, i.e., to find the proper solution, which eventually

yields the result stated in the theorem.

A. Helmi and A. Panholzer

4 Conclusion and outlook

We provided a rather detailed study of various hiring
quantities extending the analysis started in [1] yielding
insight into the hiring process when applying the “hiring
above the median” strategy. Omne further quantity,
which might be called the number of replacements,
seems to be of interest in a variation of the problem,
where it is possible not only to hire candidates, but also
to fire already recruited candidates (of a low score) as
discussed in [2, 4]. A technique for treating this variant
and to achieve the best quality of the hired staff is to
allow replacements of “low performers” in basic hiring
strategies such as “hiring above the median”. Briefly,
it might happen that at some step a good candidate
is discarded (because his score is less than the decision
maker), but he is better than the worst hired candidate.
Then the hiring set is missing such a good candidate.
To resolve this situation we extend the hiring strategy
as follows: each candidate has two possibilities to get
hired, namely either the basis strategy will hire him, or
he replaces the worst candidate amongst all hired ones.
We notice that the size of the hiring set does not change
by using replacements, since we hire one candidate but
we fire another one instantly. Our recursive approach
seems promising to also obtain results for this quantity.

The analysis of the hiring quantities given in this
work is based on a recursive approach, where we always
took into account the rank of the decision maker.
It is a natural question to ask whether the present
approach could be applied to treat other interesting
hiring strategies also. First we note that for the strategy
“hiring above the m-th best candidate” this point of
view indeed turned out to be fruitful [4]. Furthermore,
at present we work on treating instances (with 0 <
a < 1 a rational number) of the class of “hiring
above the a-quantile” strategies other than the present
o= % E.g., by distinguishing whether the number of
hired candidates is congruent 0, 1, or 2 modulo 3, the
instances a = % and a = % naturally lead to systems of
equations for three recursive sequences; at least for these
cases we also obtained suitable normalization factors to
reduce the corresponding system of generating functions
and to get explicit solutions.

Another approach in getting further insight into
the “hiring above the a-quantile” strategies, but which
might be interesting in its own, is to consider a “proba-
bilistic relaxation” of the hiring process in the following
sense. Let us consider a hiring strategy of the following

type.

e The first M candidates are recruited.

e Then one of these candidates is selected (by a
certain rule) as the first decision maker.



Analysis of “hiring above the median”

e Each time a new candidate is “examined” his score
will be compared with the score of the decision
maker.

— If the new candidate does not have a larger
score he will not be hired and the decision
maker remains the same.

— If the new candidate has a score larger than
the decision maker he will be hired and fur-
thermore with a certain probability 1 — p
(which might depend on certain quantities)
the decision maker remains the same, but with
probability p the decision maker changes to
the recruited candidate with the lowest score
larger than the actual decision maker, i.e., the
“next better candidate” will be the new deci-
sion maker.

“Hiring above the median” (and also “hiring above the
a-quantile”) is falling into this class of strategies, where,
of course, the probabilities p are given deterministically
as 1 or 0 depending on the parity of the size of the hiring
set. However, e.g., one could consider this probabilistic
strategy for a fixed probability 0 < p < 1 (thus yielding
a “relaxed hiring above the a-quantile” strategy), for
which a PDE approach seems to be feasible.

From a combinatorial point of view our recursive
approach does not give a satisfying answer to the
question, why there are occurring so simple formulas,
in particular for the size of the hiring set. Although
meanwhile we also obtained a non-recursive derivation
of the results for the size of the hiring set, we still
cannot provide a simple combinatorial explanation for
this fact. Of course, it would be interesting to find one,
which then either could turn out to be useful in treating
other instances of “hiring above the a-quantile”, or
alternatively could give an “explanation”, why the case

a = % is so special leading to nice formulas.
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