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Efficient algorithms for average completion time scheduling

René Sitters∗

December 7, 2009

Abstract

We analyze the competitive ratio of algorithms for minimizing (weighted) average
completion time on identical parallel machines and prove that the well-known shortest
remaining processing time algorithm (SRPT) is 5/4-competitive w.r.t. the average
completion time objective. For weighted completion times we give a deterministic
algorithm with competitive ratio 1.791 + o(m). This ratio holds for preemptive and
non-preemptive scheduling.

1 Introduction

There is a vast amount of papers on minimizing average completion in machine scheduling.
Most appeared in the combinatorial optimization community in the last fifteen years. The
papers by Schulz and Skutella [20] and Correa and Wagner [6] give a good overview.

The shortest remaining processing time (SRPT) algorithm is a well-known and simple
online procedure for preemptive scheduling of jobs. It produces an optimal schedule on a
single machine with respect to the average completion time objective [18]. The example
in Figure 1 shows that this is not true when SRPT is applied to parallel machines. The
best known upper bound on its competitive ratio was 2 [16] until recently (SODA2010),
Chung et al. [5] showed that the ratio is at most 1.86. Moreover, they show that the ratio
is not better than 21/19 > 1.105. In this paper, we show that the competitive ratio of
SRPT is at most 1.25.

The SRPT algorithm has a natural generalization to the case where jobs have given
weights. Unfortunately, our proof does not carry over to this case. No algorithm is known
to have a competitive ratio less than 2. Remarkably, even for the offline problem, the only
ratio less than 2 results from the approximation scheme given by Afrati et al. [1]. Schulz
and Skutella [20] give a randomized 2-approximate algorithm which can be derandomized
and applied online (although not at the same time). A deterministic online algorithm for
the preemptive case is given by Megow and Schulz [14] and for the non-preemptive case
by Correa and Wagner [6]. The ratios are, respectively, 2 and 2.62. The first bound on the
algorithm is tight, the latter is probably not. On the single machine, no non-preemptive
online algorithm can be better than 2 competitive [25] but it was unknown if the same is
∗Department of Econometrics and Operations Research, Free University, Amsterdam.
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t = 0 1 2 3 4 t=0 1 2 3

Figure 1: There are two machines. At time 0, two jobs of length 1 and one job of length
2 are released and at time 2, two jobs of length 1 are released. The picture shows the
suboptimal SRPT schedule and the optimal schedule.

true for parallel machines. We give a simple online algorithm that runs in O(n log n) time
and has competitive ratio 1.791+o(m), i.e., it drops down to 1.791 for m→∞. This gives
new insight in online and offline algorithms for average completion time minimization on
parallel machines.

The first approximation guarantee for weighted non-preemptive scheduling was given
by Hall et al. [9]. This ratio of 4 + ε was reduced to 3.28 by Megow and Schulz [14] and
then reduced to 2.62 by Correa and Wagner [6]. Table 1 gives a summary of known best
ratios for a selection of problems. Remarkable is the large gap between lower and upper
bounds for parallel machines. Not mentioned in the table are recent papers by Jaillet and
Wagner [11] and by Chou et al. [4] which analyze the asymptotic ratio for several of these
problems. Asymptotic, in this case, means that jobs have comparable weights and the
number of jobs goes to infinity.

1.1 Problem definition

An instance is given by a number of machines m, a job set J ⊂ N and for each j ∈ J
integer parameters pj ≥ 1, rj ≥ 0, wj ≥ 0 indicating the required processing time, the
release time, and the weight of the job. A schedule is an assignment of jobs to machines
over time such that no job is processed by more than one machine at the time and no
machine processes more than one job at the time. In the non-preemptive setting, each
job j is assigned to one machine and is processed without interruption. In the preemptive
setting, we may repeatedly interrupt the processing of a job and continue it at any time
on any machine. The algorithm has to construct the schedule online, i.e., the number of
machines is known a priori but jobs are only revealed at their release times . Even the

Problem (Online) L.B. Rand. U.B. Rand. L.B. Det. U.B. Det.

1|rj , pmtn|
∑

j Cj 1 1 [18] 1 1 [18]

1|rj , pmtn|
∑

j wjCj 1.038 [23] 4/3 [19] 1.073 [23] 1.57 [22]

1|rj |
∑

j Cj e/(e− 1) [24] e/(e−1)≈1.58 [3] 2 [25] 2 [10][13][16]

1|rj |
∑

j wjCj e/(e− 1) [24] 1.69 [8] 2 [25] 2 [2][17]

P |rj , pmtn|
∑

j Cj 1 − 1.86→ 5/4 [5] 1.047 [25] 1.86→ 5/4 [5]

P |rj , pmtn|
∑

j wjCj 1 − 2 → 1.791 [20][14] 1.047 [25] 2 → 1.791 [14]

P |rj |
∑

j Cj 1.157 [21] 2 → 1.791 [20] 1.309 [25] 2 → 1.791 [12]

P |rj |
∑

j wjCj 1.157 [21] 2 → 1.791 [20] 1.309 [25] 2.62→ 1.791 [6]

Table 1: Known lower and upper bounds on the competitive ratio for randomized and
deterministic online algorithm.
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The SRPT algorithm:

Let t = 1. Repeat:
If there are more than m jobs available for slot t, then process m jobs in slot t that have
the shortest remaining processing times among all available jobs. Otherwise, process all
available jobs. Let t = t+ 1.

number of jobs n = |J | is unknown until the last job has been scheduled. Given a schedule,
we denote the completion time of job j by Cj . The value of a schedule is the weighted
average completion time 1

n

∑
j∈J wjCj and the objective is to find a schedule with small

value. We say that an algorithm is c-competitive if it finds for any instance a schedule
with value at most c times the optimal value.

2 The competitive ratio of SRPT

Phillips et al. [16] showed that SRPT is at most 2-competitive and showed that their
analysis is tight. Hence, a new idea is needed to prove a smaller ratio. Indeed, the proof
by Chung et al [5] is completely different and uses a sophisticated randomized analysis of
the optimal solution. On the contrary, our proof builds on the original proof of Phillips et
al. and continues where that proof stops. Their main lemma is one of the four lemmas in
our proof (Lemma 2).

In the proof, we may restrict ourselves to schedules that preempt jobs only at integer
time points since all processing times and release times are integer. For any integer t ≥ 1
we define slot t as the time interval [t−1, t]. By this notation, the first slot that is available
for j is slot rj + 1. Given a (partial) schedule σ, we say that job j is unfinished at time t
(or, equivalently, unfinished before slot t + 1) if less than pj units are processed before t
in σ. A job j is available at time t (or, equivalently, available for slot t+ 1) if rj ≤ t and j
is unfinished at time t. Let σ(t) be the set of jobs processed in slot t and denote by µi(σ)
the i-th smallest completion time in σ.

The SRPT algorithm as defined here is not deterministic since it may need to choose
between jobs with the same remaining processing time. We say that a schedule σ is an
SRPT schedule for instance I if it is a possible output of the SRPT algorithm applied
to I. Note that the values µi(σ) do not depend on the non-deterministic choices of the
algorithm, i.e., if σ and σ′ are SRPT schedules for the same instance on n jobs, then
µi(σ) = µi(σ′) for all i ∈ {1, 2, . . . , n}.

All four lemmas are quite intuitive. For the first lemma, imagine that for a given
instance we reduce the release time of some job by δ and increase its processing time by
at least the same amount. Then, the optimum value cannot improve since there is no
advantage in starting a job earlier if this is undone by an increase in its processing time.
The first lemma shows that SRPT has an even stronger property in this case. The proof
is given in the appendix.

Lemma 1 Let I and I ′ satisfy J = J ′ and for each j ∈ J satisfy r′j = rj − δj ≥ 0 and
p′j ≥ pj + δj, for some integers δj ≥ 0. Let σ and σ′ be SRPT schedules for, respectively,
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I and I ′. Then, for every i ∈ {1, 2, . . . , n},

µi(σ) ≤ µi(σ′).

Lemma 1 shows a nice monotonicity property of SRPT. The next lemma is closely related.

Lemma 2 (Lemma 4.3 in [16]) Let instance I ′ be obtained from I by removing some of
the jobs from I. Let σ and σ′ be SRPT schedules for, respectively, I and I ′ and let n, n′

be the number of jobs in I and I ′. Then, for every i ≤ n′,

µi(σ) ≤ µi(σ′).

Proof: For each job j that is included in I but not in I ′ we add a job j to I ′ with r′j = rj
and p′j = ∞ (or some large enough number). In the SRPT schedule for the extended
instance, the added jobs will complete last and the other jobs are scheduled as in σ′. Now
the lemma follows directly from Lemma 1 with δj = 0 for all j. (N.B. Phillips et al. [16] use
the same argument. However, we do need the stronger version of Lemma 1 with arbitrary
δj ≥ 0 to proof Lemma 4.) �

An advantage of unweighted completion times over weighted completion times is that
we can use a volume argument. For example, in any feasible schedule, the sum of the
last m completion times is bounded from below by the sum of all processing times. To
approximate the sum of the last m completion times we may compare the total volume
that SRPT has done until a moment t with the volume that could have been done by
any other schedule. This backlog argument enables us to bound the sum of the last m
completion times as we do in Lemma 4.

Given schedule σ, let Vt(σ) be the volume processed until time t. Say that a schedule
is greedy if at any moment, either all available jobs are being processed or all machines
are busy. Any SRPT schedule is greedy. The next lemma gives an upper bound on the
volume that a greedy schedule may do less than any other schedule. Figure 2 shows that
the lemma is tight for m = 2.

Lemma 3 Let
α = sup

I,t,σ,σ∗

Vt(σ∗)− Vt(σ)
mt

,

where σ is an arbitrary greedy schedule and σ∗ is any feasible schedule, both for the same
instance I on m machines. Then, α ≤ 1/4.

Proof: We give a short proof that α ≤ 1/2. Using this bound it follows that SRPT is
at most 3/2-competitive. The stronger bound is included in the appendix. Consider an
arbitrary time t and job j and assume the remaining processing time of j at time t is qj
in σ and q∗j ≤ qj − 1 in σ∗. Then there are at least qj − q∗j slots where j is processed in σ∗

but not in σ. For each slot mark the position (time and place) in σ∗. Note that σ must
process some other job at this position. Doing this for all jobs we see that the volume that
σ processes before t is at least the total backlog. Hence, Vt(σ∗) − Vt(σ) ≤ Vt(σ), which
implies

2(Vt(σ∗)− Vt(σ)) ≤ (Vt(σ∗)− Vt(σ)) + Vt(σ) = Vt(σ∗) ≤ mt.
Hence, α ≤ 1/2. �
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t = 0 321

Figure 2: A tight example for Lemma 3. Take m = 2 and two jobs of length 1 and one
job of length 2. All are released at time 0. It is possible to complete the jobs by time 2.
The remaining volume at time t = 2 in the SRPT schedule is 1 = mt/4.

Lemma 4 Given an instance I with n ≥ m jobs, let τ be its SRPT schedule and ρ be an
arbitrary feasible schedule for I. Then,

n∑
i=n−m+1

µi(τ) ≤ 5
4

n∑
i=n−m+1

µi(ρ).

Proof: Let t = µn−m(ρ). We change the instance I into I ′ as follows such that no job
is released after time t in the new instance. Every job j with rj ≥ t+ 1 gets release time
r′j = t and processing time pj + rj − t. Let τ ′ be an SRPT schedule for I ′. Then, by
Lemma 1 we have

µi(τ) ≤ µi(τ ′), for any i ∈ {1, 2, . . . , n}. (1)

On the other hand, we can change ρ into a feasible schedule ρ′ for I ′ without changing
any of the completion times since at most m jobs are processed after time t in ρ. Hence,
we may assume

µi(ρ) = µi(ρ′), for any i ∈ {1, 2, . . . , n}. (2)

Let Wt(τ ′) and Wt(ρ′) be the total remaining processing time at time t in, respectively, τ ′

and ρ′. Since the last m jobs complete at time t or later in ρ′ we have
n∑

i=n−m+1

µi(ρ′) ≥ mt+Wt(ρ′). (3)

Since no jobs are released after t, the SRPT schedule satisfies

n∑
i=n−m+1

µi(τ ′) ≤ mt+Wt(τ ′). (4)

(Equality holds if τ ′ completes at least m jobs at time t or later than t.) By Lemma 3,
Wt(τ ′)−Wt(ρ′) = Vt(ρ′)− Vt(τ ′) ≤ mt/4. This combined with (3) and (4) gives

n∑
i=n−m+1

µi(τ ′) ≤ mt+Wt(τ ′)

≤ 5
4
mt+Wt(ρ′)

≤ 5
4
(
mt+Wt(ρ′)

)
≤ 5

4

n∑
i=n−m+1

µi(ρ′).
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Equations (1) and (2) complete the proof. �

Theorem 1 SRPT is 5/4-competitive for minimizing total completion time on identical
machines.

Proof: Let ϕ be an optimal schedule. Take any n′ ≤ n and let J ′ be the set of the first
n′ jobs completed in ϕ. Consider an SRPT schedule σ′ for J ′. By Lemma 2 we know that

µi(σ) ≤ µi(σ′) for all i ≤ |J ′|. (5)

We distinguish between the cases n′ ≤ m and n′ ≥ m. In the first case we have µi(σ′) ≤
µi(ϕ) since σ′ starts each job at its release time and processes it without preemption.
Combining this with (5) we get that

µi(σ) ≤ µi(ϕ) for all i ≤ n′. (6)

Now assume n′ ≥ m and let ϕ′ be the schedule ϕ restricted to jobs of J ′. By definition,

µi(ϕ′) = µi(ϕ) for all i ≤ |J ′|. (7)

We apply Lemma 4 with τ = σ′ and ρ = ϕ′.

n′∑
i=n′−m+1

µi(σ′) ≤
5
4

n′∑
i=n′−m+1

µi(ϕ′). (8)

Using (5) and (7) we conclude that

n′∑
i=n′−m+1

µi(σ) ≤ 5
4

n′∑
i=n′−m+1

µi(ϕ). (9)

Hence, we see from (6) and (9) that the theorem follows by partitioning the completion
times in groups of size m. The first group may be smaller. �

2.1 More properties of SRPT

Given Lemmas 1 and 2 one might believe that a similar statement holds with respect to
release times. However, it is not true that completion times do not decrease if release
times are increased. In the example of Figure 1, SRPT will produce an optimal schedule
if we change the release time of one small job from 0 to 1. The same example shows that
SRPT may not be optimal even if no job is preempted. Finally, it is also not true that
SRPT is optimal if it contains no idle time. This can be seen if we add two long jobs to
example of Figure 1. This will not change the schedule of the other jobs and the sum of
the completion times of the two long jobs is the same for SRPT and the optimal schedule.
We conjecture that an SRPT schedule is optimal if it is non-preemptive and has no idle
time.
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3 Weighted jobs

The volume argument which is useful for bounding the average completion time becomes
useless if jobs have arbitrary weights and we want to minimize the weighted average of
completion times. A common approach is to use the mean busy time of a job which is
defined as the average point in time that a job is processed. Given a schedule σ let Z(σ)
be the sum of weighted completion times and ZR(σ) be the sum of weighted mean busy
times. On a single machine, the average (or total) weighted mean busy time is minimized
by scheduling jobs preemptively in order of highest ratio of wj/pj [7]. This is called the
preemptive weighted shortest processing time (WSPT) schedule. The WSPT-schedule is
not unique but its total mean busy time is. Now consider a fast single machine that runs
each job m times faster, i.e., job j has release time rj and processing time pj/m. For a
given instance I, let σm(I) be its preemptive WSPT-schedule on the fast single machine.
The following inequality is a well-known lower bound on the optimal value of a preemptive
and non-preemptive schedule [4, 20].

ZR(σm(I)) +
1
2

∑
j

wjpj ≤ Opt(I). (10)

Our algorithm uses the same two steps as the algorithms by Schulz and Skutella [20] and
Correa and Wagner [6]: First, the jobs are scheduled on the fast single machine and then,
as soon as an α-fraction of a job is processed, a job is placed as early as possible on one
of the parallel machines. The algorithm in [20] uses random values of α and a random
assignment to machines. The deterministic algorithm of [6] optimizes over α and simply
takes the first available machine for each job. Our algorithm differs at three points: First,
we take a fast single machine schedule of a modified instance I ′ instead of I. Second, we
do not apply preemptive WSPT but use non-preemptive WSPT instead. Third, we simply
take α = 0 for each job. The behavior of our algorithm depends on the input I and a real
number ε > 0.

Theorem 2 With ε = 1/
√
m, algorithm Online(ε) is δm-competitive for minimizing total

weighted completion time, where δm = (1 + 1/
√
m)2(3e− 2)/(2e− 2). The ratio holds for

preemptive and non-preemptive scheduling on m identical parallel machines.

We denote the start and completion time of job j in the fast machine ρm by, respec-
tively, sj and cj and in the parallel machine schedule ρ by Sj and Cj . First, we prove that
the optimal value does not change much by the modification made in step (i).

Lemma 5 Opt(I ′) ≤ (1 + ε)Opt(I).

Proof: Let σ∗ be an optimal schedule for I and for any job j let C∗j be the completion
time of j in σ∗. We stretch the schedule by a factor 1 + ε such that each job j completes
at time (1 + ε)C∗j and starts at time

(1 + ε)C∗j − pj ≥ (1 + ε)(rj + pj)− pj = (1 + ε)rj + εpj ≥ r′j .

We see that the schedule is feasible for I ′ and its value is exactly 1 + ε times the optimal
value of I. �

7



Algorithm Online(ε):

Input: Instance I = {(pj , wj , rj) | j = 1 . . . n}.

(i) Let I ′ = {(p′j , w′j , r′j) | j = 1 . . . n} with p′j = pj , w
′
j = wj and r′j = rj + εpj .

(ii) Apply non-preemptive WSPT to I ′ on the fast single machine. Let ρm be this
schedule and let sj be the start time of job j in ρm.

(iii) Each job j is placed at time sj on one of the parallel machines as early as possible
(but not before sj). Let ρ be the final schedule.

Since we apply non-preemptive WSPT, the schedule ρm derived in step (ii) will in
general not be the same as the fast single machine schedule σ(I ′), which is derived by
preemptive WSPT. Hence, we cannot use inequality (10) directly. We define a new instance
I ′′ such that ρm is the fast machine schedule of I ′′. We shall proof this in Lemma 7 but
first we introduce I ′′ and bound its optimal value like we did in the previous lemma. Let
I ′′ = {(p′′j , w′′j , r′′j ) | j = 1 . . . n} with p′′j = pj , w

′′
j = wj and r′′j = min{γεr′j , sj}, where

γε = 1 + 1/(εm).

Lemma 6 Opt(I ′′) ≤ (1 + 1/(εm))Opt(I ′).

Proof: The proof is similar to that of Lemma 5. Let σ′ be an optimal schedule for I ′

and C ′j the completion time of j in σ′. We stretch the schedule by a factor γε such that
each job j completes at time γεC ′j and starts at time

γεC
′
j − pj ≥ γε(r′j + pj)− pj = γεr

′
j + (γε − 1)pj ≥ γεr′j ≥ r′′j .

We see that the schedule is feasible for I ′′ and its value is exactly 1 + ε times the optimal
value of I ′. �

Clearly, Opt(I) ≤ Opt(I ′′) since we only shift release times forward. Combining
Lemmas 5 and 6 we see that Opt(I ′′) ≤ (1 + 1/(εm))(1 + ε)Opt(I). Choosing ε = 1/

√
m

we obtain the following corollary.

Corollary 1

Opt(I) ≤ Opt(I ′′) ≤
(

1 +
1√
m

)2

Opt(I). (11)

If we want to prove a bound on the competitive ratio of our algorithm only for large
values of m, then we may just as well compare our schedule with the optimal schedule
of I ′′ instead of I since Opt(I ′′)/Opt(I) → 1 for m → ∞. The next lemma states
that the total mean busy time of ρm equals the total mean busy time of the preemptive
WSPT-schedule of I ′′ on the single machine.

Lemma 7 ZR(ρm) = ZR(σ(I ′′)).
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Proof: We show that schedule ρm is a preemptive WSPT schedule for I ′′. First, ρm is a
feasible schedule for the fast single machine relaxation of I ′′ since, by definition, r′′j ≤ sj .
Next we use sj ≥ r′j ≥ εpj .

cj/sj = (sj + pj/m)/sj (12)
= 1 + pj/(msj)
≤ 1 + pj/(mεpj)
= 1 + 1/

√
m.

Assume that at moment t, job j is being processed in ρm and job k is available in I ′′,
i.e., r′′k ≤ t. Denote γ = 1 + 1/

√
m, then by definition r′′k = min{γr′k, sk}. Since also

r′′k ≤ t < sk we must have r′′k = γr′k. Using (12) we get

r′k = r′′k/γ ≤ t/γ < cj/γ ≤ (1 + 1/
√
m)sj/γ = sj .

We see that job k was available at the time we started job j in step (ii). Hence, we must
have wk/pk ≤ wj/pj . �

We apply the lower bound of (10) to instance I ′′.

ZR(σm(I ′′)) +
1
2

∑
j

wjpj ≤ Opt(I ′′). (13)

Combining this with Corollary 1 and Lemma 7, we finally get a useful lower bound on the
optimal solution.

Corollary 2

ZR(ρm) +
1
2

∑
j

wjpj ≤
(

1 +
1√
m

)2

Opt(I).

The lower bound of Corollary 2 together with the obvious lower bound Opt(I) ≥
∑

j wjpj
results in the following lemma.

Lemma 8 Let 1 ≤ α ≤ 2. If Sj ≤ αsj for every job j, then

∑
j

wjCj ≤
(

1 +
α

2

)(
1 +

1√
m

)2

Opt(I).

Proof: Let bj be the mean busy time of j in ρm, then sj = bj − pj/(2m) < bj .

Cj = Sj + pj
≤ αsj + pj
< αbj + pj
= α(bj + pj/2) + (1− α/2)pj

Next, we add weights and take the sum over all jobs.∑
j wjCj ≤ α

(
ZR(ρm) + 1

2

∑
j wjpj

)
+ (1− α/2)

∑
j wjpj

9



Now we use Corollary 2 and use that Opt(I ′′) ≥ Opt(I) ≥
∑

j wjpj . For any α ≤ 2 we
have ∑

j wjCj ≤ α(1 + 1/
√
m)2Opt(I) + (1− α/2)Opt(I)

≤ (1 + α/2)(1 + 1/
√
m)2Opt(I).

�

First we give a short proof that α ≤ 2. This shows that the competitive ratio is at
most 2 + o(m).

Lemma 9 Sj ≤ 2sj for any job j.

Proof: Consider an arbitrary job j. At time sj , the total processing time of jobs k with
sk < sj is at most msj . Since these are the only jobs processed on the parallel machines
between time sj and Sj we have msj ≥ m(Sj − sj). Hence, Sj ≤ 2sj . �

The bound of the next lemma is stronger. The proof is given in the appendix. Lemma 8
tells us that the competitive ratio is at most 1 + e

2(e−1) ≈ 1.791 in the limit.

Lemma 10 Sj ≤ e
e−1sj and this bound is tight.

3.1 Removing the o(m)

We can easily get rid of the o(m) term at the cost of a higher ratio. Correa and Wag-
ner [6] give a randomized αm-competitive algorithm for the preemptive problem and a
βm-competitive algorithm for the non-preemptive version, where 2− 1/m = αm < βm < 2
for m ≥ 3. Let δm be our ratio as defined in Theorem 2. Then 2−1/m > δm for m ≥ 320.
Hence, we get a randomized 2 − 1/320 < 1.997-competitive for the preemptive version
when we apply our algorithm for m ≥ 320 and the αm-competitive for m < 320. The ratio
for the non-preemptive version is even closer to 2 (but strictly less than 2).

4 Conclusion

We have shown that approximation ratios less than 2 can be obtained for parallel machines
by simple and efficient online algorithms. The lower bounds indicate that competitive
ratios close to 1 are possible for randomized algorithms, especially when preemption is
allowed.

Our analysis for SRPT is tight and it seems that a substantially different proof is
needed to get below 1.25. Already, the gap with the lower bound, 1.105, is quite small.
Muthukrishnan et al.[15] show that SRPT is at most 14 competitive w.r.t. the average
stretch of jobs. Possibly, our result can reduce this ratio substantially.

The analysis for algorithm Online is not tight and a slight modification of the algo-
rithm and analysis may give a ratio e/(e−1)+o(m) ≈ 1.58+o(m). Moreover, the analysis
is not parameterized by m. A refined analysis will reduced the o(m) for small values of m.
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Appendix: Proof of Lemma 1, 3, and 10

Lemma 1 Let I and I ′ satisfy J = J ′ and for each j ∈ J satisfy r′j = rj − δj ≥ 0 and
p′j ≥ pj + δj, for some integers δj ≥ 0. Let σ and σ′ be SRPT schedules for, respectively,
I and I ′. Then, for every i ∈ {1, 2, . . . , n},

µi(σ) ≤ µi(σ′).

Proof We proof it by induction on the makespan of σ. Let qj(t) and q′j(t) be the remaining
processing time of job j in, respectively, σ and σ′ at time t. Define the multiset Q(t) =
{qj(t) | rj ≤ t}, i.e., it contains the remaining processing times of all jobs released at t
or earlier. Let Q′(t) contain the remaining processing times of the same set in σ′, i.e.,
Q′(t) = {q′j(t) | rj ≤ t}. Note that we take rj and not r′j in Q′. Let Qi(t) and Q′i(t) be the
i-th smallest element in, respectively, Q(t) and Q′(t). We claim that for any time point t,

Qi(t) ≤ Q′i(t), for all i ∈ {1, 2, . . . , |Qi(t)|}. (14)

If we can show (14) then the proof follows directly since µi(σ) (µi(σ′)) is the smallest t
such that Qi(t) (Q′i(t)) has at least i zero elements.

The proof is by induction on t. It is true for t = 0 since Q(0) = Q′(0). Now consider
an arbitrary time t0 and assume the claim is true for and t ≤ t0.

First we analyze the changes when no job is released at time t0 + 1. If σ pro-
cesses less than m jobs in slot t then all non-zero elements in Q(t0) are reduced by
one, implying, Qi(t0 + 1) ≤ Q′i(t0 + 1) for all i ≤ |Qi(t0 + 1)|. Now assume σ pro-
cesses less than m jobs in slot t0. Then it processes jobs with remaining processing times
Qk+1(t0), Qk+2(t0), . . . , Qk+m(t0) for some k ≥ 0 while Qj(t0) = 0 for any j ≤ k. Since
Q′k+1(t0), Q′k+2(t0), . . . , Q′k+m(t0) are also non-zero, only values Q′s(t0) with s ≤ k+m are
reduced for σ′. Again, Qi(t0 + 1) ≤ Q′i(t0 + 1) for all i ≤ |Qi(t0 + 1)|.

Now assume some jobs are released at time t0 + 1. We may use the analysis above
and only consider the affect of the newly added jobs. For any new job j we have
pj = qj(t0 + 1) ≤ q′j(t0 + 1). Clearly, (14) remains valid after the addition of these
jobs. �

Lemma 3 Let
α = sup

I,t,σ,σ∗

Vt(σ∗)− Vt(σ)
mt

,

where σ is an arbitrary greedy schedule and σ∗ is any feasible schedule, both for the same
instance I on m machines. Then, α ≤ 1/4.

Proof Given a schedule we say that a machine is idle in slot t if it is not processing any
job in that slot. The idle time in slot t is the number of machines idle in that slot. We
say that a slot is idle if at least one machine is idle in that slot.

We consider an arbitrary time T and show that VT (σ∗) − VT (σ) ≤ mT/4. First we
show that we may assume without loss of generality that σ∗ has no idle time before time
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T . Fill the idle time in σ∗ before T with dummy jobs of unit length and let each such job
be released at its start time. Now, take σ and add the same dummy jobs in the available
idle time in a greedy way, i.e., as early as possible. The resulting schedule is still greedy.
For any t ≤ T , the increase for Vt(σ) is no more than the increase for Vt(σ∗) since the
dummy jobs in σ are not placed earlier than in σ∗. Hence, the backlog can only increase
using these dummy jobs. We assume from now that VT (σ∗) = mT .

Our proof is by induction on T . If T = 1 then VT (σ) = m since σ is greedy and at
least m jobs are available at time 0. Hence, VT (σ∗) − VT (σ) = 0. Now let T ≥ 2 and
assume Vt(σ∗)− Vt(σ) ≤ mt/4 for any t ≤ T − 1.

Let A be the set of jobs processed in slot T in σ. If |A| = m then, by induction,
VT (σ) = VT−1(σ) +m ≥ 3

4m(T − 1) +m > 3
4mT . From now we assume |A| ≤ m− 1. For

any t ∈ [T ], let xt = 1 if slot t is idle in σ and xt = 0 otherwise. Let yt be number of
idle machines in slot t. Note that xt = 0 if yt = 0. Consider a job j ∈ A and let qj be its
remaining processing time at time T . In each idle slot t with rj + 1 ≤ t ≤ T , job j must
be processed since it is available and the schedule is greedy. This implies

qj ≤ pj −
T∑

t=rj+1

xt. (15)

The remaining processing time of job j in σ∗ at time T , say q∗j , is at least pj + rj − T .
With (15) we get,

qj − q∗j ≤ T − rj −
T∑

t=rj+1

xt. (16)

Next, we replace the term rj in (16). Since j ∈ A = σ(T ) we have rj ≤ T − 1. By
induction,

∑rj
t=1 yt ≤ mrj/4. Hence,

qj − q∗j ≤ T −
4
m

rj∑
t=1

yt −
T∑

t=rj+1

xt. (17)

Let Q =
∑

j∈A(qj − q∗j ). Since there is at least one machine idle in slot T in σ, we know
that any job j that has (partially) been processed by σ∗ before time T is either completed
by σ by time T − 1 or is processed in slot T . Therefore, Q is an upper bound on the idle
time in σ before time T , i.e.,

mT − VT (σ) ≤ Q. (18)

We will find an upper bound on Q. If |A| ≤ m/4 then by equation (16), Q ≤ |A|T ≤ mT/4.
From now on we may assume m/4 ≤ |A| ≤ m− 1. From (17) we get

Q ≤ |A|T −
∑
j∈A

 4
m

rj∑
t=1

yt +
T∑

t=rj+1

xt

 . (19)

To simplify notation we denote the right hand side of (19) by R. Hence Q ≤ R. Let
At = {j ∈ A | t ≥ rj + 1}. By changing the order of summation, we can rewrite R as

R = |A|T −
T∑
t=1

(
4
m

(|A| − |At)|yt + |At|xt
)
.
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We continue rewriting and define for all t ∈ [T ]

z(t) =
{

0 if yt = 0
4
m(|A| − |At|) + |At|/yt if yt ≥ 1.

(20)

Then

R = |A|T −
T∑
t=1

ytzt. (21)

Next, we give a lower bound on zt which is independent of t. We plug in a general
inequality. Let a < 1, then

(2a− 1)2 ≥ 0 ⇒
4a2 − 4a+ 1 ≥ 0 ⇒

a ≥ (4a− 1)(1− a) ⇒
a/(1− a) ≥ 4a− 1.

We substitute a = |At|/m. (Note that a < 1 since |At| ≤ |A| ≤ m− 1.)

|At|
m− |At|

≥ 4
|At|
m
− 1. (22)

If yt ≥ 1 then yt ≤ m−|At| since each job in At is processed in slot t. We use this together
with (22) and the definition of zt. If yt ≥ 1 then

zt ≥
4
m

(|A| − |At|) +
|At|

m− |At

≥ 4
m

(|A| − |At|) + 4
|At|
m
− 1

=
4|A|
m
− 1.

Note that this value is non-negative since |A| ≥ m/4. We substitute this in (21).

Q ≤ R ≤ |A|T −
(

4|A|
m
− 1
) T∑
t=1

yt. (23)

The total idle time until time T is
∑T

t=1 yt = mT −VT (σ). Equations (18) and (23) imply

mT − VT (σ) ≤ Q ≤ |A|T −
(

4|A|
m
− 1
)

(mT − VT (σ)).

From this linear inequality we get mT − VT (σ) ≤ mT/4. Hence α ≤ 1/4. �

Lemma 10 Sj ≤ e
e−1sj and this bound is tight.

Proof Fix an arbitrary job k and assume for simplicity that sk = 1 and Sk = α > 1. We
may do this if we assume processing times to be arbitrary rational numbers. For every
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i ∈ {1, . . . , k − 1} let Vi be the total processing time done on jobs j ≤ i between time
si+1 and α on the parallel machines. We give two bounds on Vk−1 which results in an
inequality for α.

Between time 1 and α all machines are busy since otherwise the algorithm would have
started job k earlier. Further, only jobs i ≤ k−1 are scheduled in this interval. This gives
the following equation.

Vk−1 = m(α− 1). (24)

Next, we give a different bound on Vk−1. We define V0 = 0 and deduce a recursive
bound on Vi for i ≥ 1. Fix an arbitrary i ∈ {1, . . . , k − 1}. Job i becomes available
for processing on the parallel machines at time si and the next job becomes available at
time si+1. For any t let µi(t) be the number of machines working at time t on jobs from
{1, 2, . . . , i}. Since the algorithm places jobs in order of index and as early as possible,
the value µi(t) is non-increasing in t for any t > si. Let m′ = µi(si+1). Then, by the
monotonicity of µ,

Vi ≤ (α− si+1)m′. (25)

Since at least m′ machines are busy from si till si+1 and only jobs j ≤ i are processed we
have

Vi−1 + pi ≥ Vi + (si+1 − si)m′. (26)

Next, we combine (25) and (26) and use that pi = (ci − si)m ≤ (si+1 − si)m.

Vi−1 + (si+1 − si)m ≥ Vi + (si+1 − si)m′

= Vi +
si+1 − si
α− si+1

(α− si+1)m′

≥ Vi +
si+1 − si
α− si+1

Vi

=
α− si
α− si+1

Vi.

Hence,

Vi ≤ F(Vi−1), with F(Vi−1) =
(
α− si+1

α− si

)
(Vi−1 +m(si+1 − si)) .

Note that F is monotone increasing in the argument (assuming all other values are fixed).
Hence, if we define W0 = 0 and Wi = F(Wi−1) for i ≥ 1 then Wi ≥ Vi for all i ≥ 1 and in
particular Wk−1 ≥ Vk−1. The recursion can easily be removed.

Wk−1 =
k−1∑
i=1

m(si+1 − si)
k−1∏
j=i

α− sj+1

α− sj

=
k−1∑
i=1

m(si+1 − si)
α− sk
α− si

= m(α− sk)
k−1∑
i=1

si+1 − si
α− si

.
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Note that sk = 1 and that for any i ≤ k − 1

si+1 − si
α− si

≤
si+1∫
t=si

1
α− t

dt.

Hence,

Wk−1 ≤ m(α− 1)

1∫
t=s1

1
α− t

dt ≤ m(α− 1)

1∫
t=0

1
α− t

dt = m(α− 1) ln
α

α− 1
.

We combine this upper bound with equality (24).

m(α− 1) ≤ m(α− 1) ln
α

α− 1
⇒ e ≤ α

α− 1
⇒ α ≤ e

e− 1
.

Now we sketch a tight example. For simplicity we only give the single machines schedule
with values si and pi. Let s1 = 0, p1 = e/(e− 1) and for any i ∈ {2, . . . ,m},

si = si−1 + pi−1/m and pi = e/(e− 1)− si.

Note that is not really a possible realization of ρm (for example s1 > 0 always holds), it is
a tight example for the analysis and can be modified to make it valid realization.

Substituting pi−1 we get

si = (1− 1
m

)si−1 +
e

m(e− 1)

If m→∞ then

sm+1 →

(
1− 1

m
+
(

1− 1
m

)2

+ · · ·+
(

1− 1
m

)m) e

m(e− 1)

→

((
1− 1

m

)m+1 − 1
(1− 1

m)− 1

)
e

m(e− 1)
→

(
1/e− 1
(− 1

m)

)
e

m(e− 1)
= 1.

We see that the first m jobs are placed consecutively on the single machine in the interval
[0, 1]. Each job starts on the parallel machine at its release time and ends at time e/(e−1).
At time 1, job m+1 becomes available and all machines are blocked until time e/(e−1).�

17



2005-1 Meindert Flikkema Exploring service development for understanding Schumpeterian  
   Innvoation in service firms: the deduction of special case criteria, pp. 43 
 
2005-2 Enno Masurel Use of Patent Information: Empirical Evidence from Innovative SME’s,  
   pp. 18 
 
2005-3  Rutger Kroon Seriously Ceres?, pp. 23 
 Iris F.A. Vis 
 
2005-4  Lidewey van der An explorative analysis of the links between learning behavior and change  

Sluis  orientation, pp. 18 
 Leon de Caluwé 
 Antonie van  
 Nistelrooij 
 
2005-5 F.A.G. den Butter Uitbesteden en innovatie in de bouw 
 O.K. van   Het toenemend belang van de regie- en handelsfunctie, pp. 10 
 Megchelen 
 
2005-6 Adriaan J. van der Arbeidsmarktflexibiliteit in de EMU:  
 Welle  een beleidsgericht literatuuroverzicht, pp. 31 
 Frank A.G. den 
 Butter 
 
2005-7 Marina van Death of distance and agglomeration forces of firms in the urban E-economy 
 Geenhuizen An artificial intelligence approach using rough set analysis, pp. 23 
 Peter Nijkamp  
 
2005-8 Iris F.A. Vis Dispatching and layout rules at an automated container terminal, 
 Maurice Bakker pp. 17 
 
2005-9 M. Francesca  Attractiveness and Effectiveness of Competing Tourist Areas: 
 Cracolici  A Study on Italian Provinces, pp. 53 
 Peter Nijkamp  
 
2005-10  Tibert Verhagen The importance of website content in online purchasing across different  
 Jaap Boter  types of products, pp. 28 
 
2005-11 Marina van  Place-bound versus Footloose Firms in a Metropolitan Area, pp. 17 
 Geenhuizen 
 Peter Nijkamp  
 
2005-12 J.M. van Sonsbeek A microsimulation analysis of the 2006 regime change in the Dutch  
 R.H.J.M. Gradus disability scheme, pp. 29 
 
2005-13 Kim A.D. Treur The benefits of coaching for empoloyees and their organizations, pp. 30 
 Lidewey E.C. van  
 der Sluis 
 
2005-14 Wim den Dekker Dimensions of an individual global mindset, pp. 29 
 Paul G.W. Jansen 
 Claartje J.  
 Vinkenburg 



 
2006-1 Tibert Verhagen 

Selmar Meents 
Yao-Hua Tan 

Perceived risk and trust associated with purchasing at Electronic 
Marketplaces, 39 p. 
 
 

2006-2 Mediha Sahin 
Marius Rietdijk 
Peter Nijkamp 
 

Etnic employees’ behaviour vis-à-vis customers in the service  sector, 
17 p. 

2006-3 Albert J. 
Menkveld 
 

Splitting orders in overlapping markets: A study of cross-listed 
stocks, 45 p. 

2006-4 Kalok Chan 
Albert J. 
Menkveld 
Zhishu Yang 
 

Are domestic investors better informed than foreign investors? 
Evidence from the perfectly segmented market in China, 33 p. 

2006-5 Kalok Chan 
Albert J. 
Menkveld 
Zhishu Yang 
 

Information asymmetry and asset prices: Evidence from the China 
foreign share discount, 38 p. 

2006-6 Albert J. 
Menkveld 
Yiu C. Cheung 
Frank de Jong 
 

Euro-area sovereign yield dynamics: The role of order imbalance,  
34 p. 

2006-7 Frank A.G. den 
Butter 
 

The industrial organisation of economic policy preparation in the 
Netherlands 

2006-8 Evgenia 
Motchenkova 
 

Cost minimizing sequential punishment policies for repeat offenders, 
20 p. 

2006-9 Ginés Hernández-
Cánovas 
Johanna Koëter-
Kant 
 

SME Financing in Europe: Cross-country determinants of debt 
maturity, 30 p. 

2006-10 Pieter W. Jansen Did capital market convergence lower the effectiveness of the 
interest rate as a monetary policy tool? 17 p. 
 

2006-11 Pieter W. Jansen Low inflation, a high net savings surplus and institutional restrictions 
keep the long-term interest rate low. 24 p. 
 

2006-12 Joost Baeten 
Frank A.G. den 
Butter 
 

Welfare gains by reducing transactions costs: Linking trade and 
innovation policy, 28 p. 

2006-13 Frank A.G. den 
Butter 
Paul Wit 
 

Trade and product innovations as sources for productivity increases: 
an empirical analysis, 21 p. 

2006-14 M. Francesca 
Cracolici 
Miranda Cuffaro 
Peter Nijkamp 
 
 

Sustainable tourist development in Italian Holiday destination, 10 p. 



2006-15 Simonetta Longhi 
Peter Nijkamp 

Forecasting regional labor market developments under spatial 
heterogeneity and spatial correlation, 25 p 
 

2006-16 Mediha Sahin 
Peter Nijkamp 
Tüzin Baycan-
Levent 

Migrant Entrepreneurship from the perspective of cultural diversity, 
21 p. 
 
 
 

2006-17 W.J. Wouter 
Botzen 
Philip S. Marey 
 

Does the ECB respond to the stock market? 23 p. 

2006-18 Tüzin Baycan-
Levent 
Peter Nijkamp 
 

Migrant female entrepreneurship: Driving forces, motivation and 
performance, 31 p. 

2006-19 Ginés Hernández-
Cánovas 
Johanna Koëter-
Kant 
 

The European institutional environment and SME relationship 
lending: Should we care? 24 p. 

2006-20 Miranda Cuffaro 
Maria Francesca 
Cracolici 
Peter Nijkamp 
 

Economic convergence versus socio-economic convergence in space, 
13 p. 

2006-21 Mediha Sahin 
Peter Nijkamp 
Tüzin Baycan-
Levent 

Multicultural diversity and migrant entrepreneurship: The case of the 
Netherlands, 29 p. 

   
 
 



 
2007-1 M. Francesca 

Cracolici 
Miranda Cuffaro 
Peter Nijkamp 
 

Geographical distribution of enemployment: An analysis of 
provincial differences in Italy, 21 p. 

2007-2 Daniel Leliefeld 
Evgenia 
Motchenkova 
 

To protec in order to serve, adverse effects of leniency programs in 
view of industry asymmetry, 29 p. 

2007-3 M.C. Wassenaar 
E. Dijkgraaf 
R.H.J.M. Gradus 
 

Contracting out: Dutch municipalities reject the solution for the 
VAT-distortion, 24 p. 

2007-4 R.S. Halbersma 
M.C. Mikkers 
E. Motchenkova 
I. Seinen 
 

Market structure and hospital-insurer bargaining in the Netherlands, 
20 p. 

2007-5 Bas P. Singer 
Bart A.G. Bossink 
Herman J.M. 
Vande Putte 
 

Corporate Real estate and competitive strategy, 27 p. 

2007-6 Dorien Kooij 
Annet de Lange 
Paul Jansen  
Josje Dikkers 
 

Older workers’ motivation to continue to work: Five meanings of 
age. A conceptual review, 46 p. 

2007-7 Stella Flytzani 
Peter Nijkamp 

Locus of control and cross-cultural adjustment of expatriate 
managers, 16 p. 
 

2007-8 Tibert Verhagen 
Willemijn van 
Dolen 
 

Explaining online purchase intentions: A multi-channel store image 
perspective, 28 p. 

2007-9 Patrizia Riganti 
Peter Nijkamp 

Congestion in popular tourist areas: A multi-attribute experimental 
choice analysis of willingness-to-wait in Amsterdam, 21 p. 
 

2007-10 Tüzin Baycan-
Levent 
Peter Nijkamp 
 

Critical success factors in planning and management of urban green 
spaces in Europe, 14 p. 

2007-11 Tüzin Baycan-
Levent 
Peter Nijkamp 
 

Migrant entrepreneurship in a diverse Europe: In search of 
sustainable development, 18 p. 

2007-12 Tüzin Baycan-
Levent 
Peter Nijkamp 
Mediha Sahin 
 

New orientations in ethnic entrepreneurship: Motivation, goals and 
strategies in new generation ethnic entrepreneurs, 22 p. 

2007-13 Miranda Cuffaro 
Maria Francesca 
Cracolici 
Peter Nijkamp 
 

Measuring the performance of Italian regions on social and economic 
dimensions, 20 p. 

   



2007-14 Tüzin Baycan-
Levent 
Peter Nijkamp 
 

Characteristics of migrant entrepreneurship in Europe, 14 p. 

2007-15 Maria Teresa 
Borzacchiello 
Peter Nijkamp 
Eric Koomen 
 

Accessibility and urban development: A grid-based comparative 
statistical analysis of Dutch cities, 22 p. 

2007-16 Tibert Verhagen 
Selmar Meents 

A framework for developing semantic differentials in IS research: 
Assessing the meaning of electronic marketplace quality (EMQ), 64 
p. 
 

2007-17 Aliye Ahu 
Gülümser 
Tüzin Baycan 
Levent 
Peter Nijkamp 
 

Changing trends in rural self-employment in Europe, 34 p. 

2007-18 Laura de 
Dominicis 
Raymond J.G.M. 
Florax 
Henri L.F. de 
Groot 
 

De ruimtelijke verdeling van economische activiteit: Agglomeratie- 
en locatiepatronen in Nederland, 35 p. 

2007-19 E. Dijkgraaf 
R.H.J.M. Gradus 

How to get increasing competition in the Dutch refuse collection 
market? 15 p. 
 

   
   
   
 
 



2008-1 Maria T. Borzacchiello 
Irene Casas 
Biagio Ciuffo 
Peter Nijkamp 
 

Geo-ICT in Transportation Science, 25 p.  
 

2008-2 Maura Soekijad Congestion at the floating road? Negotiation in networked innovation, 38 p. 
 Jeroen Walschots  
 Marleen Huysman  
   
2008-3 
 

Marlous Agterberg 
Bart van den Hooff 

Keeping the wheels turning: Multi-level dynamics in organizing networks of 
practice, 47 p. 

 Marleen Huysman  
 Maura Soekijad  
   
2008-4 Marlous Agterberg 

Marleen Huysman 
Bart van den Hooff 

Leadership in online knowledge networks: Challenges and coping strategies in a 
network of practice, 36 p. 

   
2008-5 Bernd Heidergott Differentiability of product measures, 35 p. 
 
 

Haralambie Leahu  

2008-6 Tibert Verhagen 
Frans Feldberg 

Explaining user adoption of virtual worlds: towards a multipurpose motivational 
model, 37 p. 

 Bart van den Hooff  
 Selmar Meents  
   
2008-7 Masagus M. Ridhwan 

Peter Nijkamp 
Piet Rietveld 
Henri L.F. de Groot 

Regional development and monetary policy. A review of the role of monetary 
unions, capital mobility and locational effects, 27 p. 

   
2008-8 Selmar Meents 

Tibert Verhagen 
Investigating the impact of C2C electronic marketplace quality on trust, 69 p. 

   
2008-9 Junbo Yu 

Peter Nijkamp 
 

China’s prospects as an innovative country: An industrial economics 
perspective, 27 p 

2008-10 Junbo Yu 
Peter Nijkamp 

Ownership, r&d and productivity change: Assessing the catch-up in China’s 
high-tech industries, 31 p 

   
2008-11 Elbert Dijkgraaf 

Raymond Gradus 
 

Environmental activism and dynamics of unit-based pricing systems, 18 p. 

2008-12 Mark J. Koetse 
Jan Rouwendal 
 

Transport and welfare consequences of infrastructure investment: A case study 
for the Betuweroute, 24 p 

2008-13 Marc D. Bahlmann 
Marleen H. Huysman 
Tom Elfring 
Peter Groenewegen 

Clusters as vehicles for entrepreneurial innovation and new idea generation – a 
critical assessment 

   
2008-14 Soushi Suzuki 

Peter Nijkamp 
A generalized goals-achievement model in data envelopment analysis: An 
application to efficiency improvement in local government finance in Japan, 24 
p. 

   
2008-15 Tüzin Baycan-Levent External orientation of second generation migrant entrepreneurs. A sectoral 



Peter Nijkamp 
Mediha Sahin 

study on Amsterdam, 33 p. 

   
2008-16 Enno Masurel Local shopkeepers’ associations and ethnic minority entrepreneurs, 21 p. 
   
2008-17 Frank Frößler 

Boriana Rukanova 
Stefan Klein 
Allen Higgins 
Yao-Hua Tan 

Inter-organisational network formation and sense-making: Initiation and 
management of a living lab, 25 p. 

   
2008-18 Peter Nijkamp 

Frank Zwetsloot 
Sander van der Wal 
 

A meta-multicriteria analysis of innovation and growth potentials of European 
regions, 20 p. 

2008-19 Junbo Yu 
Roger R. Stough 
Peter Nijkamp 

Governing technological entrepreneurship in China and the West, 21 p. 

   
2008-20 Maria T. Borzacchiello 

Peter Nijkamp 
Henk J. Scholten 

A logistic regression model for explaining urban development on the basis of 
accessibility: a case study of Naples, 13 p. 

   
2008-21 Marius Ooms Trends in applied econometrics software development 1985-2008, an analysis of 

Journal of Applied Econometrics research articles, software reviews, data and 
code, 30 p. 

   
2008-22 Aliye Ahu Gülümser 

Tüzin Baycan-Levent 
Peter Nijkamp 

Changing trends in rural self-employment in Europe and Turkey, 20 p. 

   
2008-23 Patricia van Hemert 

Peter Nijkamp 
Thematic research prioritization in the EU and the Netherlands: an assessment 
on the basis of content analysis, 30 p. 

   
2008-24 Jasper Dekkers 

Eric Koomen 
Valuation of open space. Hedonic house price analysis in the Dutch Randstad 
region, 19 p. 

   
   
 



2009-1 Boriana Rukanova 
Rolf T. Wignand 
Yao-Hua Tan 

From national to supranational government inter-organizational systems: An 
extended typology, 33 p. 

 
2009-2 

 
Marc D. Bahlmann 
Marleen H. Huysman 
Tom Elfring 
Peter Groenewegen 

 
Global Pipelines or global buzz? A micro-level approach towards the 
knowledge-based view of clusters, 33 p. 

 
2009-3 

 
Julie E. Ferguson 
Marleen H. Huysman 

 
Between ambition and approach: Towards sustainable knowledge management 
in development organizations, 33 p. 

   
2009-4 Mark G. Leijsen Why empirical cost functions get scale economies wrong, 11 p. 
   
2009-5 Peter Nijkamp 

Galit Cohen-
Blankshtain 

The importance of ICT for cities: e-governance and cyber perceptions, 14 p. 

   
2009-6 Eric de Noronha Vaz 

Mário Caetano 
Peter Nijkamp 

Trapped between antiquity and urbanism. A multi-criteria assessment model of 
the greater Cairo metropolitan area, 22 p. 

   
2009-7 Eric de Noronha Vaz 

Teresa de Noronha 
Vaz 
Peter Nijkamp 

Spatial analysis for policy evaluation of the rural world: Portuguese agriculture 
in the last decade, 16 p. 

   
2009-8 Teresa de Noronha 

Vaz 
Peter Nijkamp 

Multitasking in the rural world: Technological change and sustainability, 20 p.  

   
2009-9 Maria Teresa 

Borzacchiello 
Vincenzo Torrieri 
Peter Nijkamp 

An operational information systems architecture for assessing sustainable 
transportation planning: Principles and design, 17 p. 

   
2009-10 Vincenzo Del Giudice 

Pierfrancesco De Paola 
Francesca Torrieri 
Francesca Pagliari 
Peter Nijkamp 

A decision support system for real estate investment choice, 16 p. 

   
2009-11 Miruna Mazurencu 

Marinescu 
Peter Nijkamp 

IT companies in rough seas: Predictive factors for bankruptcy risk in Romania, 
13 p. 

   
2009-12 Boriana Rukanova 

Helle Zinner 
Hendriksen 
Eveline van Stijn 
Yao-Hua Tan 

Bringing is innovation in a highly-regulated environment: A collective action 
perspective, 33 p. 

   
2009-13 Patricia van Hemert 

Peter Nijkamp 
Jolanda Verbraak 

Evaluating social science and humanities knowledge production: an exploratory 
analysis of dynamics in science systems, 20 p. 

   



2009-14 Roberto Patuelli 
Aura Reggiani 
Peter Nijkamp 
Norbert Schanne 

Neural networks for cross-sectional employment forecasts: A comparison of 
model specifications for Germany, 15 p. 

   
2009-15 André de Waal 

Karima Kourtit 
Peter Nijkamp 

The relationship between the level of completeness of a strategic performance 
management system and perceived advantages and disadvantages, 19 p. 

   
2009-16 Vincenzo Punzo 

Vincenzo Torrieri 
Maria Teresa 
Borzacchiello 
Biagio Ciuffo 
Peter Nijkamp 

Modelling intermodal re-balance and integration: planning a sub-lagoon tube for 
Venezia, 24 p. 

   
2009-17 Peter Nijkamp 

Roger Stough 
Mediha Sahin 

Impact of social and  human capital on business performance of migrant 
entrepreneurs – a comparative Dutch-US study, 31 p. 

   
2009-18 Dres Creal A survey of sequential Monte Carlo methods for economics and finance, 54 p. 
   
   
2009-19 Karima Kourtit 

André de Waal 
Strategic performance management in practice: Advantages, disadvantages and 
reasons for use, 15 p. 

   
2009-20 Karima Kourtit 

André de Waal 
Peter Nijkamp 

Strategic performance management and creative industry, 17 p. 

   
2009-21 Eric de Noronha Vaz 

Peter Nijkamp 
Historico-cultural sustainability and urban dynamics – a geo-information 
science approach to the Algarve area, 25 p. 

   
2009-22 Roberta Capello 

Peter Nijkamp 
Regional growth and development theories revisited, 19 p. 

   
2009-23 M. Francesca Cracolici 

Miranda Cuffaro 
Peter Nijkamp 

Tourism sustainability and economic efficiency – a statistical analysis of Italian 
provinces, 14 p. 

   
2009-24 Caroline A. Rodenburg 

Peter Nijkamp 
Henri L.F. de Groot 
Erik T. Verhoef 

Valuation of multifunctional land use by commercial investors: A case study on 
the Amsterdam Zuidas mega-project, 21 p. 

   
2009-25 Katrin Oltmer 

Peter Nijkamp 
Raymond Florax 
Floor Brouwer 

Sustainability and agri-environmental policy in the European Union: A meta-
analytic investigation, 26 p. 

   
2009-26 Francesca Torrieri 

Peter Nijkamp 
Scenario analysis in spatial impact assessment: A methodological approach, 20 
p. 

   
2009-27 Aliye Ahu Gülümser 

Tüzin Baycan-Levent 
Peter Nijkamp 

Beauty is in the eyes of the beholder: A logistic regression analysis of 
sustainability and locality as competitive vehicles for human settlements, 14 p. 



2009-28 Marco Percoco 
Peter Nijkamp 

Individual time preferences and social discounting in environmental projects, 24 
p. 

   
2009-29 Peter Nijkamp 

Maria Abreu 
Regional development theory, 12 p. 

   
2009-30 Tüzin Baycan-Levent 

Peter Nijkamp 
7 FAQs in urban planning, 22 p.  

   
2009-31 Aliye Ahu Gülümser 

Tüzin Baycan-Levent 
Peter Nijkamp 

Turkey’s rurality: A comparative analysis at the EU level, 22 p. 

   
2009-32 Frank Bruinsma 

Karima Kourtit 
Peter Nijkamp 

An agent-based decision support model for the development of e-services in the 
tourist sector, 21 p. 

   
2009-33 Mediha Sahin 

Peter Nijkamp 
Marius Rietdijk 

Cultural diversity and urban innovativeness: Personal and business 
characteristics of urban migrant entrepreneurs, 27 p. 

   
2009-34 Peter Nijkamp 

Mediha Sahin 
Performance indicators of urban migrant entrepreneurship in the Netherlands, 28 
p. 

   
2009-35 Manfred M. Fischer 

Peter Nijkamp 
Entrepreneurship and regional development, 23 p. 

   
2009-36 Faroek Lazrak 

Peter Nijkamp 
Piet Rietveld 
Jan Rouwendal 

Cultural heritage and creative cities: An economic evaluation perspective, 20 p. 

   
2009-37 Enno Masurel 

Peter Nijkamp 
Bridging the gap between institutions of higher education and small and 
medium-size enterprises, 32 p. 

   
2009-38 Francesca Medda 

Peter Nijkamp 
Piet Rietveld 

Dynamic effects of external and private transport costs on urban shape: A 
morphogenetic perspective, 17 p. 

   
2009-39 Roberta Capello 

Peter Nijkamp 
Urban economics at a cross-yard: Recent theoretical and methodological 
directions and future challenges, 16 p. 

   
2009-40 Enno Masurel 

Peter Nijkamp 
The low participation of urban migrant entrepreneurs: Reasons and perceptions 
of weak institutional embeddedness, 23 p. 

   
2009-41 Patricia van Hemert 

Peter Nijkamp 
Knowledge investments, business R&D and innovativeness of countries. A 
qualitative meta-analytic comparison, 25 p. 

   
2009-42 Teresa de Noronha 

Vaz 
Peter Nijkamp 

Knowledge and innovation: The strings between global and local dimensions of 
sustainable growth, 16 p. 

   
2009-43 Chiara M. Travisi 

Peter Nijkamp 
Managing environmental risk in agriculture: A systematic perspective on the 
potential of quantitative policy-oriented risk valuation, 19 p. 

   
2009-44 Sander de Leeuw Logistics aspects of emergency preparedness in flood disaster prevention, 24 p. 



Iris F.A. Vis 
Sebastiaan B. Jonkman 

   
2009-45 Eveline S. van 

Leeuwen 
Peter Nijkamp 

Social accounting matrices. The development and application of SAMs at the 
local level, 26 p. 

   
2009-46 Tibert Verhagen 

Willemijn van Dolen 
The influence of online store characteristics on consumer impulsive decision-
making: A model and empirical application, 33 p. 

   
2009-47 Eveline van Leeuwen 

Peter Nijkamp 
A micro-simulation model for e-services in cultural heritage tourism, 23 p. 

   
2009-48 Andrea Caragliu 

Chiara Del Bo 
Peter Nijkamp 

Smart cities in Europe, 15 p. 

   
2009-49 Faroek Lazrak 

Peter Nijkamp 
Piet Rietveld 
Jan Rouwendal 

Cultural heritage: Hedonic prices for non-market values, 11 p. 

   
2009-50 Eric de Noronha Vaz 

João Pedro Bernardes 
Peter Nijkamp 

Past landscapes for the reconstruction of Roman land use: Eco-history tourism 
in the Algarve, 23 p. 

   
2009-51 Eveline van Leeuwen 

Peter Nijkamp 
Teresa de Noronha 
Vaz 

The Multi-functional use of urban green space, 12 p. 

   
2009-52 Peter Bakker 

Carl Koopmans 
Peter Nijkamp 

Appraisal of integrated transport policies, 20 p. 

   
2009-53 Luca De Angelis 

Leonard J. Paas 
The dynamics analysis and prediction of stock markets through the latent 
Markov model, 29 p. 

   
2009-54 Jan Anne Annema 

Carl Koopmans 
Een lastige praktijk: Ervaringen met waarderen van omgevingskwaliteit in de 
kosten-batenanalyse, 17 p. 

   
2009-55 Bas Straathof 

Gert-Jan Linders 
Europe’s internal market at fifty: Over the hill? 39 p. 

   
2009-56 Joaquim A.S. 

Gromicho 
Jelke J. van Hoorn 
Francisco Saldanha-
da-Gama 
Gerrit T. Timmer 

Exponentially better than brute force: solving the job-shop scheduling problem 
optimally by dynamic programming, 14 p. 

   
2009-57 Carmen Lee 

Roman Kraeussl 
Leo Paas 

The effect of anticipated and experienced regret and pride on investors’ future 
selling decisions, 31 p. 

   
2009-58 René Sitters Efficient algorithms for average completion time scheduling, 17 p. 


	TITELBLAD 2009-58
	rm 2009-58
	Resmem 2005
	Resmem 2006
	Resmem 2007
	resmem 2008
	resmem 2009

