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Overview: RCPSP

— Resource-Constrained Project Scheduling Problem (RCPSP): devise

a schedule for execution of project activities such that

— project duration (i.e., time-to-market) is minimized,

— completion-start precedence between given pairs of activities is
respected, and

— at no time total demand of the in-progress activities exceeds the
available capacity of the various resource types required for the
execution of the activities

— In many applications: resource types represent pools of teams of
people with specific skills or equipment units
— Well-known MILP formulations of the RCPSP

— Discrete-time and continuous-time models
— In general, consideration of resource-unit related constraints
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Overview: RCPSP variants considered here

19

— Novel RCPSP variants: additional resource-unit related constraints
1. Multi-site resource-constrained project scheduling
— Particular site must be selected for execution of each activity
— Some resource units available only at a particular site
— Other resource units can be moved between sites, requiring
some transportation time
2. Workload balancing in resource-constrained project scheduling
— Foster team productivity and cohesion by balancing workload
across team

— For both variants: continuous-time assignment-based MILP
formulation
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Outline

Part I: MILP formulations of the RCPSP
Part Il: Multi-site resource-constrained project scheduling
Part Ill: Workload balancing in resource-constrained project scheduling

Part IV: Conclusions
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Outline

Part I: MILP formulations of the RCPSP
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Outline I: MILP Formulations

Modeling approaches
Continuous-time assignment-based MILP formulation

Computational results
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uw  MILP models from the literature

lllustrative example f=3
— Project activities 1, ... ,4 2 3
— Single resource type, capacity 3 . -

Discrete-time models (DT, DDT)

— Planning horizon divided into
intervals of equal-length

— Binary variables per time interval
and activity

0o|1]|2|3|4|5|6|7|8]|9
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uw  MILP models from the literature

lllustrative example f=3
— Project activities 1, ... ,4 2 3
— Single resource type, capacity 3 . -

Discrete-time models (DT, DDT) Resource-flow model (FCT)

— Planning horizon divided into — Continuous start time variables

intervals of equal-length — Resource flows between activities

— Binary variables per time interval
and activity
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MILP models from the literature

Illustrative example
— Project activities 1, ... ,4
— Single resource type, capacity 3

Discrete-time models (DT, DDT)

— Planning horizon divided into
intervals of equal-length

— Binary variables per time interval
and activity
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Resource-flow model (FCT)
— Continuous start time variables
— Resource flows between activities

2 1

1 2 3 4 5 6 7Tt

On/off event-based model (OOE)

— Assign activities and start times to
events

Norbert Trautmann (University of Bern)



u’  QOutline I: MILP formulations

Continuous-time assignment-based MILP formulation
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Planning situation: RCPSP

Given: lllustrative Example

— Set of activities V = {0,1,...,n,n+ 1}

— Activity i € V: duration p; > 0

— Set of precedence relations EC V x V
among activities

— Set of resource types R; for each
resource type k € R

— Resource capacity Ry
— Required number of units r;, for
executing activity i € V

(pirin,Tiz) (pjsrirsriz)

Resource capacities: R} =4, Ry = 2
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Planning situation: RCPSP

Sought: activity start times so that

— project duration minimized

— all precedence relations considered
— resource capacity never exceeded
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lllustrative Example
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CTAB formulation:

S;  Start time of activity ¢

12 Part I: MILP formulations

notation

lllustrative example

Norbert Trautmann (University of Bern)
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k=1
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u® CTAB formulation: notation

S;  Start time of activity 4 lllustrative example
= 1, if activity 7 is assigned to unit u
T of resource k .
ik . -l ‘ 3 G‘
=0, otherwise ‘-
k=l 5 ‘ 2
k=) 2
= 1 ‘ 3 2
0 2 4 (‘i 8 10
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u® CTAB formulation: notation

S;  Start time of activity 4 lllustrative example

of resource k

{ =1, if activity 7 is assigned to unit u
Tik

= 0, otherwise

& =

before the start of j

{ = 1, if activity « must be completed
Yij

S
L L

o

o

= 0, otherwise
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CTAB formulation: notation

S;  Start time of activity ¢
= 1, if activity 7 is assigned to unit u

lllustrative example

ik of resource k e ‘ : G‘
= 0, otherwise ‘:f
= 1, if activity i must be completed P | :
Yij before the start of j -y 2
= 0, otherwise = | \ o I
0 2 1 6 8 10 12 14 16 18

TE Transitive closure of £

T Planning horizon

ES; Earliest possible start time of activity : € V'
LS; Latest possible start time of activity i € V
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CTAB model formulation

Min. Sn+1 4
k=1 ‘ 3 6‘ 1
u =4
k=1
u=3 ° 2 4
f=
u=2 g &
k=
I :
: : : : : : : :
0 2 4 6 s 10 12 14 16 18

(OF) objective is to minimize the project
makespan
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CTAB model formulation

Min. Sn+1 4
k=1
" SVl
E T;-Lk:’rik (iEV; kER) (1) k=1 5 9 2
fopet u=3 |
k=1
u=2 2 <
k=1
s e
T T T T T T T T
0 2 4 6 8 10 12 14 16 18

(1) number of units of resource type k assigned
to activity ¢« must match the required number
of units
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u’ CTAB model formulation

Min. Sn+1 4
Ry, ﬁzl ‘ 3 6‘ 1
drii=rik (EV;kER) (1 k=1 ; > )
w—1 u=3 |
u u ;o k . ﬁjl : !
Tik +rjk <1 +yij +yj7 ('Lv] € Vi;k € R; i1 ]
e - 3 2
u=1,...,Rp:i<j,(i,5) € TE) (2) u=l : ‘ — -
0 2 4 6 8 10 12 14 16 18

(2) if the same resource unit is assigned to two
activities < and j, then a sequencing is
enforced between these two activities
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CTAB model formulation

Min. Sn+1 4
Ry, Rl ‘ 3 6‘
erkzmc (ieV; k€eR) (1) k=1 5
—1 u=3 |

k=1
T+ e S1t i +ys (6,0 € Vik € R i

w=1,...,Ry:i<j, () ¢TE) (@ 1| | L
0 2 4 6 8

Si+pi <85 ((4,5) € B) ®)

(3) precedence relations
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CTAB model formulation

Min. Sn+1

Ry,

drii=rik (EV;kER) (1)
u=1

i+ <14y +y (GiEViRER;
u=1,...,Re:i<j,(i,j) ¢ TE) (2)
Si+p:i <S55 ((4,5) € E) (3)

Si+pi <S5 +T(1 —yijy)
(i,j €V :i#34,(i,5) ¢ TE) (4)

13  Part I: MILP formulations

E=1 |
=l ‘ 3 6‘ 1
k=1
w=3 ° 2 4
k=1
u=2 g &
k=1
i :
— —
0 2 4 6 s 10 12 14 16 18

(4) link of the the start time variables to the
sequencing variables

Norbert Trautmann (University of Bern)
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CTAB model formulation

Min. Sn+1 4
k=1
Rk w=1 ‘ 3 6‘ 4
drii=rik (EV;kER) Q) k=1 > )
u=1 u=
k=1
w uw s . . w=2 2 4
T T S 14y +yj (i,j € V;k € R; v
. AP - 3 2
u=1,...,Ry i< j,(4,5) ¢ TE) (2) u=t ‘ ‘ - N —
0 2 4 6 8 10 12 14 16 18
Si+pi <S5 ((4,7) € B) (3)
Si+pi <S8+ T —yij) (5) either activity ¢ precedes j, j precedes i, or i
- (b EV :ij (j) € TE) () and j are processed in parallel
vij +y;i <1 (4, €V ii#3,(4,5) € TE) ®)
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u’ CTAB model formulation

Min. Sn+1 4
Ry, ﬁzi ‘ 3 6‘ 1
drii=rik (EV;kER) ) k-1 TS > )
u=1 u=3 |
k=1
w uw s . . w=2 2 4
rik-ﬁ-rjkﬁl—&-yij—&-yﬁ (i, € V;k € R; .
w=1,...,Ry:i<j (i,j) €TE) (2) w1 ] ‘ _ - |
0 2 4 6 8 10 12 14 16 18
Si+pi <85 ((4,5) € B) ®)
Si+pi <S8+ T —yij) (6) f?Chta?tNtntY start between its earliest and
o e atest start times
(i, €V :iz#j4,0,5) €TE) (4
yijg ty;0 <1 (6, €V ii#],(4,7) € TE) (5)
ES; <S;<LS; (ieV) (6)
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u’  Outline I: MILP Formulations

Computational results
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u Experimental design

— Models compared:

Abbrev. DT/CT Source

DT DT Pritsker et al. (1969)
DDT DT Christofides et al. (1987)
FCT CT Artigues et al. (2003)
OOE CT Kone et al. (2011)

SEQ CT Klein et al. (2024)

CTAB CT Gnéagi et al. (2018)

CTAB_EXT CT

Gnagi et al. (2018)

15 Part I: MILP formulations

Models implemented in
Python 3.8

Gurobi 9.1.2, limited to
2 threads

Intel(R) CPU 3.10GHz,
128 GB RAM

Time limit per instance:
500 sec.

Test set J30 (PSPLIB;
Kolisch & Sprecher, 1996)

— 30 activities
— 4 renewable resources
— 480 instances

Norbert Trautmann (University of Bern)



u’  Computational results

Model #Feas #Opt #Best Gap'® C°M  Time
DT 480 443 462 13.59% 54.16
DDT 479 437 451 13.66% 67.89
FCT 480 458 473 13.45% 40.21
OOE 480 0 302 15.50% 501.08
SEQ 480 471 478 13.43% 15.28
CTAB 480 376 426 14.06% 120.77
CTAB_EXT 480 422 454 13.60% 71.45

16 Part I: MILP formulations
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Outline

Part I: MILP formulations of the RCPSP
Part Il: Multi-site resource-constrained project scheduling

Part IlI: Workload balancing in resource-constrained project
scheduling

Part IV: Conclusions

MIP-based solution approaches for multi-

site resource-constrained project
scheduling
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Multi-site resource-constrained project
scheduling

Subject
— Project distributed among multiple sites

— Alternative sites for the execution of the activities
— Some resource units mobile, others non-mobile
— Transportation times between sites

— Objective: minimize project duration (NP-hard problem) on
— Sample applications
— Pooling of personnel in health care or R&D (cf. Laurent et al. 2017)

— Distributed make-to-order production in supply chains
Contribution @

— CT MILP formulation
— Matheuristic based on continuous-time MILP formulation

Allimages: Flaticon.com
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Outline II: Multi-site project scheduling

Planning situation
CTAB-based MILP formulation
Relax-optimize-and-fix matheuristic

Computational results
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Planning problem

Given: Sought: start time and site for each activity s.t.

— Set of activities V = {0,1,...,n,n + 1} with — project duration is minimal,

duration p; (i € V) — all precedence relationships are taken into account,

— Set of precedence relations E C V' x V among

L — resource usage never exceeds the prescribed
activities

resource availabilities, and
— Set of sites L; transportation time §;;/

- — transportation times between sites are taken into
between sites 1,1’ € L x L P

account
— Set of resource types R; for each resource
typek € R

— Available number of units Ry

— Required number of units r;; for executing
activity: € V

— Indicator My, forunitw € {1,...,Rx}: =1
mobile; = 0 else

— Site locy,, of non-mobile unitw € {1,..., Ry}
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Planning problem: illustrative example

(0,0,0)

(2.2,0)

(pi,Ti1,mi2)

— vV =40,1,...,4,5}
_R:{I,Q},R1:2,R2:1
- L:{A,B}, 6AB:(SBA:1

21 Part Il: Multi-site resource-constrained project scheduling

Non-mobile
k=219 atsteB) “~
(0,000 oo - -
Non-mobile
(atsite A) T 2 4
k=14 -==----mm=c- --
Mobile u =1 3 4
”””””” T T T
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Planning problem: illustrative example

2

2]

(pi,Ti1,mi2) (2,2,0)

(0,0,0)

— vV =40,1,...,4,5}
_R:{l,Q},R1:2,R2:1
- L:{A,B}, 6AB:(SBA:1

21 Part Il: Multi-site resource-constrained project scheduling

Non-mobile
k=219 @tsiteB) “~ i
(0,000 oo - -
Non-mobile
(atsite A) =2 2 @ 4
k=14 -==----mm=c-
Mobile u =1 1 3 4
”””””” T T T T

(1) Time for moving mobile
ressource unit from site B
to site A

Norbert Trautmann (University of Bern)



Planning problem: illustrative example

Non-mobile
k=219 @atsteB) “= 1 @
(0,0,0) 000 e il o
Non-mobile =2 9 4
(at site A) @
(pi,Ti1,mi2) (2,2,0) e
Mobile u =1 1 3 4
—_— - JJ01 A =l T EEE T T T T T
Vv ={0,1,...,4,5} 01 2 3 4 5 6 7 8
— R= {1, 2}, Rl = 2, R2 =1 @Time for moving mobile
ressource unit from site B
— L= {A, B}, o = 0ga =1 to site A

(2) Time for moving output of
activity 1 to activity 2, i.e.,
from site B to site A
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uw’ Outline Il: Multi-site project scheduling

CTAB-based MILP formulation
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uw  MILP model: decision variables

S;  Start time of activity ¢

=2 S1=0
u=1 1
et Sy =3 84=6
u=2 2 4
. S3=2
k=1
1 4
u=1 g
T T T T
0 1 2 3 4 5 6 7 8
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MILP model: decision variables

S;  Start time of activity ¢

o { =1, if activi‘ty 1 is executed at site L, e
=0, otherwise wu=1 |70
k=l S8=0 2 s =0 4
k=1 ot
w=1 1 s3g =1 3 4
0 ‘1 2 ‘l 4‘1 6 "7 8
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MILP model: decision variables

S;  Start time of activity ¢

s =1, fif activity 7 is executed at site L, e
=0, otherwise I
=1, ifactivity i is assignedtounitu - o B0,
T of resource type k = =1
=0, otherwise B i Tlo s 4
T =1
0 ‘1 2 f‘l i 5 6 % 8
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MILP model: decision variables

S;  Start time of activity ¢

s =1, if activi‘ty i is executed at site [ L
=0, otherwise w1
=1, ifactivity i is assigned to unitu =1 —t a
r of resource type k 2
=0, otherwise k=t 3 4
=1, if activity i must be completed 0 1 > 3 4 5 6 T s
Yij before the start of activity j

=0, otherwise
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MILP model: decision variables

S;  Start time of activity ¢

s =1, |if activi‘ty i is executed at site [ L
=0, otherwise w1
=1, ifactivity i is assigned to unitu =1 .
re of resource type k el _
=0, otherwise ﬁii 3 ys“i'_l'__‘_'_'_'_'_ 1Ty
=1, if activity i must be completed 0 1 > 3 4 5 6 T s
Yij before the start of activity j

=0, otherwise
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MILP model: notation

% Set of activities
(V={0,1,...,n+1})

VvV Setof real activities
(V={1,2,...,n})

E Set of precedence relations

TE Transitive closure of E

R Set of resource types

i Duration of activity i € V/

Ry, Available number of units of
resource type k € R

rir. ~ Required number of units of
resource type k € R for
executing activity i € V

24  Part Il: Multi-site resource-constrained project scheduling

(5”/

lociku

Mk:u

6maz

Set of sites

Transportation time between

sites [,I' € L x L

Site for non-mobile unit u € {1,..., Rx}
of resource type k € R

=1, ifunitue{l,...,Rs}
of resource type k € R is mobile
=0, otherwise

Longest transportation time between
all pairs of sites

Norbert Trautmann (University of Bern)



uw> MILP model

Minimize project duration:

Min. Sn+1
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MILP model

Minimize project duration:

Min. Sn+1
Each real activity is executed at exactly one site:

ZS,‘[Zl (’LEV)

leL
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MILP model

Minimize project duration:

Min. Sn+1
Each real activity is executed at exactly one site:

Ssu=1 (e
leL

For each resource type, required number of units are assigned:

Ry
Srti=ra GEV;k€R:ri >0)
u=1
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MILP model

Minimize project duration:

Min. Sn+1
Each real activity is executed at exactly one site:
Ssu=1 (ieV)
leL
For each resource type, required number of units are assigned:
Ry,
Sorli=ria ((€V;k€R:ry>0)
u=1
Precedence relations among real activities:

Si+pi+(sil+8jl/—1)(5”/ SS] (i,jEVXVZ (i,j)EE; l,lIGLXL)
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MILP model

Real activities must be processed sequentially if assigned to at least one common resource unit:
Tik + ik < Yij +ysi + 1
(,jeVxVikeR ue{l,....,Ry}:i<j, (i,j) ¢ TE, ry >0, 755 > 0) (10)
Si+pi + (sa+ sy — Doy <S5+ (sz +nd™ ) (1 — yij)
i€V
(i,j eV XV:i#j (4,j)¢ TE; I,I' € Lx L) (11)
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MILP model

Real activities must be processed sequentially if assigned to at least one common resource unit:
Tik + ik < Yij +ysi + 1
(i,j EV XV k€ R ue{l,....,R}:i <], (1,j) ¢ TE, rir. >0, 7jx > 0) (10)
Si+pi + (sa + s — D)oy < S5 + (sz +nd™*) (1 - yiz)
i€V
(i,j eV XV:i#j (4,j)¢ TE; I,I' € Lx L) (11)
No real activity completed after project completion:
Si+pi < Sw1 (1€ VU{0}) (12
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MILP model

Real activities must be processed sequentially if assigned to at least one common resource unit:
rik + r;k <wi; +yi+1
(i,j EV XV k€ R ue{l,....,R}:i <], (1,j) ¢ TE, rir. >0, 7jx > 0) (10)
Si+pi + (sa + s — D)oy < S5 + (sz +nd™*) (1 - yiz)
i€V
(i,j eV XV:i#j (4,j)¢ TE; I,I' € Lx L) (11)
No real activity completed after project completion:
Si+pi < Sw1 (1€ VU{0}) (12
Fixed site-assignments of non-mobile resource units:
7 < Sitocy, (EV; kE€ER; u=1,...,Rx : My, = 0,75 > 0) (13)
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uw’ Outline Il: Multi-site project scheduling

Relax-optimize-and-fix matheuristic
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Relax-optimize-and-fix matheuristic

Main idea: iteratively schedule a subset of Legend: .
g . . . - ’] PR SN o . esource

activities by solving a relaxation of MILP model patviy € vE [ | actiy i € v Site A ransport

- s 777 o Output

Activity i € V' Site B ™ transport

Resource Resoyrce Mupihty

1) Apply priority rule and select subset of ¢ ype it (Ste)
activities with highest priorities

Overview

u=2 Mobile

k=2 —------------
-1 Non-mobile
“= (Site B)
—9 Non-mobile
“= (Site A)
k=1 —=—=-=-=---------
Non-mobile

v=1"(site A)
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Relax-optimize-and-fix matheuristic

Main idea: iteratively schedule a subset of Legend: .
g . . . - ’] PR SN o . esource
activities by solving a relaxation of MILP model patviy € vE [ | actiy i € v Site A ransport
Overview Activity i € VS SteB  —» pubu
Resource Resoyrce Mupihty
1) Apply priority rule and select subset of ¢ ype it (Ste)
activities with highest priorities
u =2 Mobile
2) Relax binary sequencing variables for .
s =2  —-e----------
non-selected activities )
w=1 Non:moblle
(Site B)
w=2 N?g}gﬁile
k=1 —------------
—1 Non-mobile
"= (Site A)
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Relax-optimize-and-fix matheuristic

Main idea: iteratively schedule a subset of Legend: .
g . . . - ’] PR SN N " esource
activities by solving a relaxation of MILP model patviy € vE [ | actiy i € v Site A ransport
Overview Activity i € VS SteB  —» pubu
Resource Resoyrce Mupihty
1) Apply priority rule and select subset of ¢ ype it (Ste)
activities with highest priorities
u =2 Mobile
2) Relax binary sequencing variables for .
s =2  —-e----------
non-selected activities N
w=1 on:mo e
3) Optimize resulting relaxation of MILP Se®
w=2 N?g}g\«}b)ile
k=1 —------------
w=1 Non-mobile
- (Site A)
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Relax-optimize-and-fix matheuristic

Main idea: iteratively schedule a subset of Legend:

activities by solving a relaxation of MILP model patviy € Ve[ 1 | actiy i e v sier [ Ganeport

Overview Activity i € VS SteB  —» S:r‘f;:;n
Resource  Resource Mobility

1) Apply priority rule and select subset of ¢ e unit - (Site)

28

activities with highest priorities

u=2 Mobile

Relax binary sequencing variables for .
P =2 —------------
non-selected activities )
w=1 N?g}ngb;le
Optimize resulting relaxation of MILP
Fix values of sequencing variables for s < ¢ L, Nonmobie
activities with highest priorities Steh)
k=1 ——--------=-=-
Non-mobile

v=1"(site A)
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Relax-optimize-and-fix matheuristic

Main idea: iteratively schedule a subset of Legend: .
g . . . " > PR SN N " esource
activities by solving a relaxation of MILP model patviy i € Ve[ | actiy i e v Site A transport
o . Adtivity i € v SteB  —» pbu
verview
Resource Resoyrce Mupihty
1) Apply priority rule and select subset of ¢ ype it (Ste)
activities with highest priorities
. 9 p . w=2  Mobie ;;;;%;;;;M
2) Relax binary sequencing variables for .
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uw’ Outline Il: Multi-site project scheduling

Computational results
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Computational results: experimental design

— Analyzed exact approaches — Test sets MSj30 and MSj60
— CT: novel continuous-time model — Generated by Laurent et al. (2017)
— DT: discrete-time model of Laurent et — Adapting well-known single-site RCPSP
al. (2017) instances j30 and j60 (Kolisch &
— Analyzed heuristic approaches: Sprecher 1996)

— 1,920 instances: n = {30, 60} activities

— MH: novel matheuristic and |L| = {2, 3} sites

— LS, SA, ILS LS and ILS SA: four

metaheuristics of Laurent et al. (2017) ~ — HP workstation: Intel Xeon CPU with
2.20GHz, 128 GB RAM

— Implementation in Python 3.7
— Gurobi 9.1 as solver; default settings
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Computational results: exact approaches

#Act #Sites Model #Feas #Opt Gap® (%) CPU (s)

30 > CT 480 327 25.86 112.00

All MSjSO instances DT 455 272 34.93 159.44
30 3 CT 480 284 33.92 138.40

DT 444 224 51.80 190.93

#Act #Sites Model #Feas #Opt Gap®® (%) CPU (s)

30 5 CT 455 323 22.04 102.92

MSj30 instances with DT 455 272 34.93  151.71
feasible solution for both 20 s cT 444 279 28.51 127.50
models DT 444 224 51.80  182.08
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u’  Computational results: heuristic approaches

All MSj30 instances

#Act #Sites Approach Gap®F (%) #MHT #MH~ CPU (s)
MH 25.02 0 0 61.86

LS 29.72 258 61 55.50

30 2 SA 26.50 178 93 55.51
ILS LS 25.86 153 103 70.35

ILS SA 26.04 152 110 70.80

MH 32.35 0 0 61.32

LS 37.65 276 89 60.17

30 3 SA 34.11 219 119 60.44
ILS LS 33.42 180 142 76.53

ILS SA 33.37 192 152 76.42
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u’  Computational results: heuristic approaches

All MSj60 instances

#Act #Sites Approach Gap®F (%) #MHT #MH~ CPU (s)
MH 24.99 0 0 123.18

LS 27.95 231 133 128.97

60 2 SA 26.19 211 168 130.26
ILS LS 26.41 198 163 168.71

ILS SA 26.57 197 161 168.68

MH 35.42 0 0 137.08

LS 38.29 289 123 142.76

60 3 SA 35.51 235 172 143.66
ILS LS 36.03 242 172 185.79

ILS SA 36.43 249 149 185.98
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Subject and Contribution

Subject

— Single-site RCPSP

— Frequently, resource types represent teams of people with specific skills
— Workload of a unit: total duration of assigned activities

— Foster team productivity and cohesion (cf., e.g., Hoegl & Gmuenden 2001) by
balancing workload across team

Contribution
— Analysis of two alternative approaches to considering workload balancing
— Formulation of additional constraints in CTAB

— Computational results: balanced workloads can generally be achieved without
significantly increasing project duration
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Outline IlI: Workload balancing in project
scheduling

Planning situation
CTAB-based MILP formulation

Computational results
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Planning situation: project information

Given:
— Set of activities V ={0,1,...,n,n+ 1}
— Activity ¢ € V': duration p; > 0

— Set of precedence relations E C V x V
among activities

— Set of resource types R; for each resource
typek € R

— Resource capacity Ry,
— Required number of units r;; for
executing activity i € V
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lllustrative Example

(pirin,Tiz) (pj,ri1sri2)

Resource capacities: R; =4, Ry = 2
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Planning situation: RCPSP

Sought: activity start times so that

— project duration minimized

— all precedence relations considered
— resource capacity never exceeded

38 Part lll: Workload balancing in project scheduling

lllustrative Example
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Planning situation: RCPSP

Sought: activity start times so that

— project duration minimized

— all precedence relations considered
— resource capacity never exceeded

Consideration of workload balancing
Without additional constraints

— Minimum workload 5 + 3 = 8

— Maximum workload 4 +3 +8 = 15
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lllustrative Example
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Planning situation: MaxDev approach

Sought: activity start times so that

— project duration minimized

— all precedence relations considered
— resource capacity never exceeded

Consideration of workload balancing

MaxDev approach: limit deviation of each unit’s
workload from average unit workload

— Average workload 2 = 12

— E.g., maximum deviation of 3

— Minimum workload 5+3+1=9
— Maximum workload 4 + 3+ 8 =15
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lllustrative Example
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Planning situation: MaxDiff approach

Sought: activity start times so that

— project duration minimized

— all precedence relations considered
— resource capacity never exceeded

Consideration of workload balancing

MaxDiff approach: limit difference between
workload of any two units

— E.g., maximum difference of 6
— Minimum workload 5 +4 + 1 = 10
— Maximum workload 5 + 3 + 8 = 16
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lllustrative Example
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Outline IlI: Workload balancing in project
scheduling

CTAB-based MILP formulation
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Workload balancing: MaxDev approach

— 4: allowed deviation from the average

=

‘ workload

— Minimum/maximum unrounded workload

I
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im1
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48 48

— Workload-balancing constraint 8, :=(1- 0,2)Z - (6)
w = - 48 72
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i€V u B
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Workload balancing: MaxDiff approach

— Auxiliary variables r, and 7 k=1 5 .
u=4
— Additional constraints k=1 ‘ ) ) .,
k=1 9 4
T < i < T, v
,k_zpz ik S Tk Eo1 ‘ ; . ‘6‘
ZGV e=t T T T T T T T T T
0 2 4 6 8 10 12 14 16 18

(keR,u=1,...,Rr) (9)
Example for k = 1 and 6 = 20%:
— £1§ZP1'T?1SF1 (u=1,...,4)
T =1, < [ok] = [9,] (kER) (10) iev
F1—7r,<15-9

— workload-balancing constraint
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Outline IlI: Workload balancing in project
scheduling

Computational results
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Computational results: experimental design

Analyzed MILP models Test environment

— CTAB model without workload-balancing — Implementation in Python 3.10.6
constraints — Apple M1 Ultra 3.2 GHz CPU,

— maxDev approach 128 GB RAM

— maxDiff approach — Gurobi 12.0 as solver (maximum 2 threads)

— CPU time limit: 300 seconds per instance
Test set: J30 (Kolisch & Sprecher, 1996)

— 480 RCPSP instances
— n = 30 activities
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Computational results (preliminary)

500 T T T T Feasibility
— Imposing workload balancing

can lead to infeasibility
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Computational results (preliminary)

T T T T Model performance
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Part IlI: Workload balancing in resource-constrained project
scheduling

Part IV: Conclusions
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Conclusions: multi-site project scheduling

Multi-site resource-constrained project scheduling
— Alternative sites for the execution of the activities
— Some resource units mobile, others non-mobile

— Transportation times between sites

Continuous-time assignment-based MILP model
— lterative relax-optimize-and-fix matheuristic

— Outperformance of state-of-the-art approaches
Future research E

— Eliminate symmetries in feasible region of MILP
— Further analysis of benefits of resource pooling in project management

All images: Flaticon.com
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Conclusions: workload balancing

Consideration of workload balancing in project scheduling
— maxDev approach: limit deviation from average unit workload
— maxDiff approach: limit difference in workload of any two units

Continuous-time assignment-based MILP model

Workload-balanced schedules often have minimal project duration

Workload balancing often leads to infeasibility; maxDiff more flexible

Future research

— Formulation of workload-balancing constraints as soft constraints

— Consideration of application-specific constraints on workload-balancing
(e.g., green cloud computing)

Allimages: Flaticon.com
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