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ABSTRACT

Reducing hook movement distances could decrease crane operation times to deliver heavyweight materials in
construction sites. Conventional scheduling methods include first-in-first-serve (FIFS), shortest-job-first (SJF),
nearest-neighbor-first (NNF), and Traveling salesman problem (TSP). A new optimization model to optimize
crane setup location, hook movement sequences and servicing schedules serving all supply and demand locations
is proposed. Proposed model is able to model homogeneous and non-homogeneous material supply. Initial hook
location can be given as input for optimization. Fixed material supply and demand location pairs are relaxed as
model variables. Maximum crane lifting capacity is considered and multiple hook movement trips between
material supply and demand locations are modeled if requested material weights exceed this maximum crane
lifting capacity. Users may place “urgent” material demand requests and the proposed optimization model can
optimize a servicing sequence to prioritize all urgent requests. The problem is formulated as a Binary-Mixed-
Integer-Linear-Program (BMILP) which is solved by standard branch-and-bound techniques. Significant reduc-

tion in total operation time is achieved while comparing to other conventional scheduling strategies.

1. Introduction

Budget overrun is quite common in large-scale infrastructure con-
struction projects. In 2014, McKinsey & Company, a global manage-
ment consulting firm, revealed that large and complex projects gen-
erally take longer construction times to complete. Those construction
projects that can be finished on schedule are exceptional cases [1]. In
construction sites, cranes are installed to move heavy and bulky ma-
terials or structural components above ground surface [2]. Especially
for high-rise building sites, cranes play important roles and their related
activities are always planned along critical paths in a master con-
struction program. Practical crane operations could be improved in two
ways: optimizing crane layout patterns and planning physical crane
motions [3]. Cranes are generally classified into mobile cranes and
tower cranes. To promote automation in construction, many studies
have been devoted to improve crane operations which are reviewed in
the next literature review section.

In the present study, a new optimization method is proposed to
optimize hook movements, their movement sequence and respective
crane setup location to reach all material supply and demand locations
for completing material demand requests. Without complex evalua-
tions, work sequence might simply adopt first-in-first-serve (FIFS)
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approach in practice. However, it is possible to reduce total hook travel
time and hook movement distance by optimizing the work sequence
and crane setup location while serving all material demand requests.
Users may also specify an initial hook location as model input to op-
timize hook movement sequences and paths. In the present formulation,
20 linear constraint sets are developed to outline the feasible solution
space. Given pairs of material demand and supply locations would be
relaxed as new model variables. Non-homogeneous and homogeneous
material supplies are also modeled to simulate realistic construction site
operations. Maximum lifting capacity of a crane is considered. Multiple
hook movement trips (traveling repeatedly) between a pair of material
supply and demand locations are modeled if a material demand request
cannot be completed by a single hook movement trip due to exceeding
the maximum (crane) lifting capacity. Urgent material demand requests
could be placed by users and those urgent material request orders
would be prioritized in the optimized work sequence. A complete hook
movement route serving all material demand and supply locations and
total operation times including hook movement, material loading and
unloading times are optimized in the proposed formulation. The pro-
blem is formulated as a Binary-Mixed-Integer-Linear-Program (BMILP)
and a standard branch-and-bound routine is applied to solve for optimal
numerical solutions.
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2. Literature review

Tower cranes in construction sites are operated to move in a three-
dimensional (3D: x-y-z) space. Intelligent devices were installed to as-
sist daily operations. By recording movement paths through navigation
systems, tower crane was enabled to operate in a semi-automatic mode
for repetitive paths [4]. A laser-based 3D site measurement system
(SMS) on RoboCrane enabled autonomous path planning and naviga-
tion [5]. With wireless video systems and radio frequency identifica-
tions (RFID), operational speed and work safety were improved [6].
With laser devices, encoders and accelerometers, a lifting-path tracking
system for tower crane operations provided data records for refining
movement paths [7].

In planning stages, efficiencies of employing tower cranes could be
enhanced by (i) optimizing tower crane numbers, crane types and setup
locations inside available site locations, (ii) simulating tower crane's
operating paths to avoid overlapping and crash accidents, and (iii)
optimizing work schedules and sequences to minimize hook movement
distances and travel times of tower cranes. To set up multiple tower
cranes in a construction site, overlapping area of tower crane groups
should be minimized so as to avoid potential crashes [8]. Mathematical
equations to estimate hook travel times were derived to measure
practical efficiencies [8]. This classical model has been widely applied
and optimized by different algorithms such as Genetic Algorithms [9],
Mixed-Integer-Programming [10] and Particle Bee Algorithms [11].
Crane loading capacity and crane renting cost were added to enhance
the optimization model [12].

To support different site activities and to cope with specific site
conditions, selecting appropriate tower crane is also critical for suc-
cesses of construction projects. Analytical Hierarchy Process (AHP) was
applied to select tower crane as a multi-attribute decision making
problem [13]. Some 27 intangible and qualitative “soft” factors were
identified to influence the crane selection process [14]. Combining
Genetic Algorithms and AHP in the selection process, tower crane
specifications, project site conditions, project characteristics and costs
of renting tower cranes were considered for selecting best tower cranes
[15].

To promote smooth maneuvers and safe operations of tower cranes,
hook movements of tower cranes were simulated. Through analyzing
the hoisting mechanisms, tower cranes were modeled like a multi-de-
gree-of-freedom robot and crane operation details were simulated and
visualized [16,17,18]. To facilitate blind lifting and reduce accident
risks, vision system [19], navigation system [20], quick collision de-
tection algorithm [21] and path planning algorithm [22] were applied.
A 3D visualization and simulation modules were integrated to model
special crane operations [23]. To enhance visual effects of the simula-
tion results, GIS and BIM platforms were combined to present the tower
crane layout arrangement [24,25]. Operational safety of tower cranes
was studied [26] and cumulative risks by combining individual risk
factors for tower cranes were investigated [27,28,29].

For designing service schedules of cranes, hook movement times
and their movement sequence should be considered. At container ports,
work schedules of quay cranes for loading and unloading containers
were to support the logistic chain in which start time and end time for
every task needed to be optimized [30,31]. Minimizing total handling
times or minimizing latest completion times for all jobs could be for-
mulated using a NP-complete integer programming formulation
[30,32]. Unidirectional schedules to avoid spatial crossing of cranes
and other interference conditions should be implemented [33,34].
Optimization methods to solve this scheduling problem include Mixed-
Integer-Linear-Programming [35-36], Genetic Algorithms [37-38] and
problem specific solution heuristics [39,40]. For the Crane Service Se-
quencing Problems (CSSP), a Traveling Salesman Problem (TSP) ap-
proach has been applied to optimize the sequence of a crane erection
schedule to reach all material demand and supply locations by mini-
mizing travel times [3,41]. Challenges were to avoid subtour networks.
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Solution heuristics including nearest neighbor first (NNF) and shortest
job first (SJF) methods were applied to solve this sequencing problem
[42]. NNF and SJF will be applied to solve the present case study
problem and their implementation details will be explained in the nu-
merical example section. Nearest neighbor first algorithm was also
applied to solve other large-scale path finding problems [43]. A parallel
repetitive nearest neighbor algorithm was developed for solving a
symmetric traveling salesman problem [44]. Instead of minimizing
total hook movement times, another approach was to balance all
waiting times for all received orders using game theory [45]. When
deadline information is available or some specific tasks must follow
certain sequential order patterns, Earliest Deadline First (EDF) sche-
duling method could be applied [46]. Sequencing and scheduling pro-
blem could also be optimized by metaheuristics adopting changeover
time as objective function for minimization [47].

In the present study, both homogeneous and non-homogeneous
material supplies at material supply locations depending on users' in-
puts are modeled. Another enhancement is to model the maximum
lifting capacity of a crane as design considerations. When requested
material quantity is exceeding a crane lifting capacity, multiple trip
movements between pairs of material supply and demand locations
should be modeled. More importantly, initial hook location of a crane is
relaxed as a model input for optimizing the entire hook movement
schedule. Special requests for urgent material needs at material demand
locations are accepted as new model inputs and those urgent requests
will be prioritized in the optimized work sequence. With these en-
hancements, more complex problems could be solved.

3. Notations

In the proposed formulation, following symbols and notations are
used.

Position along x-axis;

Position along y-axis;

Position along z-axis;

Material supply location i;

Total number of material supply locations within a site area;
Material demand location j;

Material demand location o;

Total number of demand locations within a site area;
Available location k for setting up a crane;

Total number of available locations for setting up a crane;
Material type u;

Total number of material types;

Material demand request r;

Sequence s;

Total number of prioritized work sequences;

Total number of material demand requests;

A set containing all material demand requests R ={1,2,..R}
A subset of R containing urgent material demand requests
only R' C R ={1,2...R}

s A set containing prioritized work sequence {1,2, ceyS )

Cr, Cr, Cr® Coordinates of a crane setup location k;

D/, D/, Df Coordinates of a material demand location j;

S, S7, S{Coordinates of a material supply location i;

P, P, P Coordinates of an initial hook location of a crane being set
up at location k;

TR A YT QR R A SO TR R

Vi Hoisting velocity of a hook of a crane being set up at location
k (m/min);

VoK Slewing velocity of a jib of a crane being set up at location k
(rad/min);

A Hook movement velocity along a jib of a crane being set up at
location k (m/min);

h Minimum hoisting height above material supply and demand
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locations;

Distance between material supply location i and material
demand location j;

Distance between material supply location i and crane setup
location k;

Distance between material demand location j and crane setup
location k;

Distance between initial hook location P, and crane setup
location k;

Hook movement time along a jib of a crane being set up at
location k from material supply location i to material demand
location j;

Tangent hook movement time of a crane being set up at lo-
cation k from material supply location i to material demand
location j;

Horizontal hook movement time of a crane being set up at
location k from material supply location i to material demand
location j;

Vertical hook movement time of a crane being set up at lo-
cation k from material supply location i to material demand
location j;

Hook movement time of a crane being set up at location k
between material supply location i and material demand lo-
cation j;

Hook movement time along a jib of a crane being set up at
location k from initial hook location to material supply lo-
cation i;

Tangent movement time of a hook of a crane being set up at
location k from initial hook location to material supply lo-
cation i;

Horizontal hook movement time of a crane being set up at
location k from initial hook location to material supply lo-
cation i;

Vertical hook movement time of a crane being set up at lo-
cation k from initial hook location to material supply location
i

Hook movement time of a crane being set up at location k
from initial hook location to material supply location i;
Degree of coordination of hook movement in radial and
tangential directions in horizontal plane ranging between
‘0.0’ and ‘1.0’ (where ‘0.0’ stands for full simultaneous
movement and ‘1.0’ for full consecutive movement);

Degree of coordination of hook movement in vertical and
horizontal planes ranging between ‘0.0’ and ‘1.0’ (where ‘0.0’
stands for full simultaneous movement and ‘1.0’ for full
consecutive moment);

Degree of control difficulty for hook movement when crane
sets up at location k ranging between ‘1.0’ and ‘10.0’ (where
‘1.0’ represents operation in normal condition and ‘10.0’ in
the most difficult situation);

Degree of obstacle blocking hook movement from an initial
hook location to the material supply location i when crane
sets up at location k ranging between ‘1.0’ and ‘10.0’ (where
‘1.0’ represents normal operation without obstacle and ‘10.0’
represents difficult operation with most numbers of ob-
stacles);

Degree of obstacle blocking hook movement from a material
supply location i to another material demand location j when
crane sets up at location k ranging between ‘1.0’ and ‘10.0’
(where ‘1.0’ represents normal operation without obstacle
and ‘10.0’ represents difficult operation with most numbers
of obstacles);

Demand quantity of material type u in request r at a material
demand location j;

A binary parameter ‘%; , = 1’ meaning that material u is
available at material supply location 4’ and ‘n; , = 0’ if not;

A

Pr, j, u

xs, r

Vs, i, j, u, k

Zs,j, i, k

Xs, j, k

Vi, k
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A binary variable ‘A; = 1’ indicating that a crane is set up at a
location k but ‘A, = 0’ means that the crane is not setting up
at location k;

A binary parameter ‘p,, j , = 1’ meaning that a material de-
mand request r demanding material type u from a material
demand location j exists but ‘p., ; , = 0’ means that the re-
quest does not exist;

A binary decision variable ‘x; , = 1’ means that a material
demand request r is to be arranged in a work sequence
number s but ‘x,, , = 0 if not;

A binary decision variable ‘y; ; j ., x = 1’ means that a hook
of a crane setting up at location k travels from material
supply location i to material demand location j in a work
sequence s carrying material type u or ‘yy ; j 4 k=0,
otherwise.

A binary decision variable ‘z; j ; « = 1’ means that a hook of
a crane setting up at location k will travel from material
demand location j to material supply location i in a work
sequence s;

A binary decision variable ‘x; ; x = 1’ means that a crane
setting up at location k will travel to material demand loca-
tion j in a work sequence s;

A binary decision variable ‘y; = 1’ means that a hook of a
crane setting up at location k will travel to material supply
location i in the first work sequence;

8, r i, j, u k An auxiliary binary variable ‘S, . ; j ., « = 1’ means that a

0, j, u

fr, ju

T

TLoading

TUnluading

ST

SDT

DST

FT

hook of a crane setting up at location k will travel from
material supply location i to material demand location j
carrying material u given in a material demand request r and
is arranged in a work sequence s and ‘S, , ; j 4 k=0,
otherwise;

A set of given predetermined parameters for pairing material
supply location i and material demand location j for material
type

An integer variable specifying the total required number of
trip(s) completing a material demand request r depending on
the quantity demanded for material u at material demand
location j;

Maximum lifting capacity of a crane;

Time for loading material onto a hook at material supply
location;

Time for unloading material from a hook at material demand
location;

Hook movement time from an arbitrary initial hook location
of a crane to the first material supply location (preparing to
complete the first work sequence) and the material loading
time;

Total operation time including hook movement times from
all material supply locations to all material demand locations
completing all material demand requests and the material
unloading times at material demand locations;

Total operation time including hook movement times from
all demand locations to all supply locations completing all
material demand requests and the material loading time at
material supply locations;

Total operation time for extra hook movement between ma-
terial supply and demand locations including material
loading and unloading times when material demand quantity
exceeds the crane lifting capacity ;

Arbitrary large numerical figure.

4. Problem formulation

4.1. Hook movement time of a crane

Hook movements involve radial (along the jib), tangent (rotation of
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Current or initial jib location

Hook locations

O (Initial/Supply/Demand locations) o

-

Radial movement " .

‘—

crane), and vertical (up and down of hook) movement directions.
Mathematical equations were set up to coordinate these individual
movements to estimate hook movement times. Fig. 1 describes a gen-
eral hook movement path of a crane among three locations marked with
“” including an initial hook location Py, a material supply location i and
a material demand location j. Egs. (1)-(5) calculate linear movement
distances among material demand, material supply, initial hook and
crane setup locations.

PIF = [(SF = PEY? + (S} — B 1
Lij= (8" = D})* + (S} — D} ? @
p(Pe,Cn) = (BF — CrY)* + (B — €Y )? ®)
P(Si, Cr) = J(SF = CrE)> + (Y — CRY)? )
p(D;,Cny = (D - )’ + (D] - CYY? )

Based on distances p(S;, Cry) and p(Py, Crx), hook movement time in
radial direction from initial hook location P to material supply location
i, PTr(i)k, can be calculated by Eq. (6) where VK is the radial velocity.
Eq. (7) is derived based on cosine law. Movement time in tangent di-
rection, PT,,,(D", can be calculated based on velocity V., for rotating a
crane. Similarly, movement times from material supply location i to
material demand location j in the two movement directions, T, J)k and
T J)k, can be calculated similarly by Egs. (8) and (9), respectively.

v _ Pk, Cn) — p(Si, Cro)l

o = vE ®)

a
PIEY2 _ (S, 2 _ (P 2
P, = ikarccos (_1).( Ii)? — p(Si, Cre)* — p (P, Ci) 0
Vs 2:p(S;, Cn)-p (Pr, Cre)
< arccos(6) < 7] 7)

Th = l0(Si, Cn) — p(Dj, Cne)l

r(ij) — vk ®)
a
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Fig. 1. General hook movement path of a crane.

Jib location during
operations

Tower crane setup

location

Angular/tangent
movement

Uij)* = p(Si,Cn)* — p(D;, Cni)?
2-p(Si, Cno)-p(Dj, Crie)

1
Tclj(l-‘]-) = Warocos (-1)-
@

. [0

< arccos(8) < 7] (C))

To effectively coordinate hook movements in radial and tangent
directions, a continuous parameter a is set numerically between 0.0 and
1.0 in Egs. (10) and (11) to model the control skill level of a crane
operator in which a larger a represents a non-skillful operator who
tends to separate the radial and tangent movements without control
coordination.

PT} ) = max(PTY,), PTE o) + cemin(PTSy) , PTE 1)) (10)

Ty = max(Ty, Toqy) + emin(Ty, Toey)) an

Movement time in the vertical direction can be obtained by dividing
the height difference between material supply location i and material
demand location j by a vertical velocity V;X. A parameter h can be
added in Egs. (12) and (13) to model a minimum hoisting height for
practical operations. Fig. 2 illustrates hook movement paths in vertical
direction from an initial hook location (left-most hook) to a material
supply location (middle hook) and then from that material supply lo-
cation to another material demand location (right-most hook). Vertical
hook movement distance h is required so that potential collisions to
supporting structural members (platforms to support materials) can be
prevented [20,32,33].

I(P? — SZ) + 2:hl

PTK, =
"o vi (12)
" I(Sf — D) + 2+hl
v(ij) = k
Vi 13)

Movement times from an initial hook location to a material supply
location, PTY, and from the material supply location to another mate-
rial demand location, T; ,—k, by a crane can be calculated by Egs. (14)
and (15), respectively. A continuous numerical parameter f3 between
0.0 and 1.0 could be assigned to specify the coordination level a crane

movement in vertical and horizontal directions. A larger 8 reflects a
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Fig. 2. Vertical hook movement routes of a tower
crane

<]

lower skill level of an operator to control a crane and coordination
would be reduced while moving along the vertical and horizontal di-
rections. Another user input parameter vy is set to model the level of
difficulty in operating a crane due to different site conditions when a
crane is set up at a location k [12]. Longer operation time is expected at
a difficult crane setup location k. To simulate the existences of obstacles
blocking the direct crane movements along the Euclidean distances,
longer movement paths and longer hook movement times should be
required. Two more coefficients, u;* and y;, jk, are introduced to denote
the degree of obstacles between 1.0 (without obstacles) and 10.0 (with
most numbers of obstacles delaying the hook movements), respectively,
from initial hook location to material supply location i and from ma-
terial supply location i to material demand location j while crane sets up
at location k.

PT} = ! {y [max(PTi), PTy)) + B-min(PTy, PT)1} a4

T = W' e fmax (T, Ty + Bmin(Tiay» Tap) 1} 15)
Based on Egs. (1)-(15), hook movement times of a crane being set
up at a location k can be evaluated.

4.2. Ordering received material demand requests in work sequence

Binary variable x; is defined to represent the schedule of a material
demand request r (Vre {1,2,...,R}) in a work sequence s (Vs€{1,2,
<o RD. x5p = ‘1’ means that material demand request r is scheduled in a
work sequence s; otherwise, x;, = ‘0. To ensure each material demand
request appears exactly once in a work sequence, two linear constraint
sets Egs. (16) and (17) are required. In Eq. (16), for each material re-
quest r€ {1,2,...,R} where R is the total number of material demand
requests, it should appear exactly once in the optimized work sequence
without omission or duplication. Similarly, in Eq. (17), for each se-
quence s€{1,2,...,R}, exactly one material demand request is as-
signed.

R
Z x,r=1 Vre {1,2,..,R}
s=1 (16)

Vse{l,2,..,R}
17)

4.3. Prioritizing urgent material demand requests

In practice, material demand requests at material demand locations
may have different urgency levels to be served. In the present for-
mulation, users can input ‘urgent’ material demand requests. These
requests should be prioritized in the optimized work sequence. In the
present formulation, we define a subset R’ C R to be the urgent request
(s) where R = {1,2,..,R}. Likely, these urgent request(s) should be
prioritized in the work sequence starting from s = 1, 2, ..., s where
s’ = |R|. Mathematically, we have Egs. (18) and (19) to ensure that all
urgent material demand requests can be prioritized in the optimized
work sequence. Orders of those urgent requests in the work sequence
are still model variables to be determined in the optimization process.

¢
Zx&,:l, VreR
s=1 (18)

Z X5 =1,

reRr’

Vse{l2,..5s}
19

4.4. Hook movements from material supply to demand locations

To complete a single material demand request by a crane model
involves two steps: (1) hook moves to a material supply location and
then (2) hook moves from that material supply location to the requested
material demand location. These two steps (1) and (2) are illustrated
graphically (in a plan view) in Fig. 3. After unloading materials at de-
mand locations, hook movement will repeat these 2 steps until all
material demand requests are completed. In the proposed formulation,
lifting capacity of a crane is also considered as an operational con-
straint. If the requested material quantity exceeds the maximum lifting
capacity of a crane, then multiple movement trips between the material
supply and demand locations are required to be modeled.

A binary variable y; ; j ., « and three other binary parameters 7;
A and py, ;, , are defined and used in this section. When y; ; j 4, « equals
‘1’, there exists a material demand request at material demand location


Koling 5
Označi

Koling 5
Označi

Koling 5
Označi


C. Huang, C.K. Wong

Work
sequence s+1

Work ,'
sequence s :
|
1

Work

sequence s

Current or initial trolley (hook) location ‘t

C———® Current or initial jib location

Jib locations during operations

L Trolley (hook) location during operations M1
Step (1)
[n ] Tower crane setup location s

j for material type u from material supply location i being arranged in
work sequence s serving by a crane setting up at location k. In the
optimization process, only one material supply location should be se-
lected for severing a material demand request. For these, two linear
constraint sets in Egs. (20) and (21) are introduced. A parameter A = 1
if a crane sets up at location k. Another parameter p,, ; , = 1 if material
type u is requested at material demand location j in material demand
request r. If the binary variable x; , = 1 such that a material demand
request r is Ischeduled in a work sequence s, all these conditions will

then force 3 3 ;;, > 1 implying that at least one material supply lo-

=1
cation suppllying material type u must be selected to serve the material
demand request at location j in Eq. (20).

I
3 - prj,u - Xsr T /‘Lk >1- Z)}s,ij,u,k

i=1
vre{l,2,.,.R;Vse{l,2,.,.R; Vje{1,2,., s Vue{l,2,..,U; Vk
e {1,2,.,K}
(20)

To avoid a material demand request being served by multiple ma-
terial supply locations, constraint set Eq. (21) is also introduced.

U
D ik S Vse€{L2,.,REVj€{1,2,..,T5V k € {1,2,.,K}

u=

M-

i=1

(21)

A binary variable #; , = 1 if material type u is available at material
supply location i or #; , = 0 if unavailable. Subsequently, hook cannot
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Fig. 3. Jib and hook movements to complete two
consecutive material demand requests.

Work sequence s in a schedule

Material demand location O

Material 1 is stored at
material supply location (D

First step to complete a request

collect material type u at material supply location i. Thus, y; ; j &
should be ‘0’ that is restricted by constraint set Eq. (22). Similarly, if a
crane is not set up at location k, respective hook movements should also
be prohibited by constraint set in Eq. (23).

w2 Mgk ¥VSEML2 LREViE 2.}V jE (L2 TV u
€{1,2..ULVke{1,2..K}
(22)

A2 Yjukr VSEL2ZLREVIE(,2,., I} VjE{L2,..,JhVu

€1,2,.,U;Vke{l2,..K} (23)

4.5. Hook movement from (last) material demand location to next material
supply location according to material demand requests

Detailed hook movements from last material demand location to
next material supply location connecting two consecutive material de-
mand requests are modeled in the present study. While designing the
optimal work schedules, such hook movement times are critical and
should be optimized. Step (1) movement given in Fig. 3 is from material
demand location D® to material supply location S® in a work sequence
s + 1. Step (1) hook movements from last material demand location to
next material supply location involve two different material demand
requests that are scheduled in consecutive work sequences s and s + 1.
Mathematically, when a binary variable x;, , and the two binary para-
meters p,. j , and Ax are all ‘1’ in constraint set Eq. (24), then another
binary x;, j, x must also be ‘1’ indicating that a hook of a crane setting up
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at a location k will travel to a material demand location j in a work
sequence s.

3 = Xor = Prju — Az 1 — Xsjk>
Vse{l,2,.,R;Vre{l,2,.,R;Vje{l,2,.,J5Vue{l,2,.., UL VEk
€{1,2,..,K}
(24

For binary variable z; ; ; x = 1, a hook of a crane setting up at a
location k travels from last material demand location j (previous ma-
terial demand request is completed in the work sequence s) to next
material supply location i to collect the demanded material for the next
request being scheduled in the work sequence s + 1. From Fig. 3, x; j
x = 1 indicates that a hook of a crane setting up at a location k travels to
a material demand location j(=1) in a work sequence s before another
Step (1) movement commences in a work sequence s + 1. Denoting by
Ys+1, i 0, u, k = 1, Step (2) movement in a work sequence s + 1 starts at
next material supply location i(=2) where o is the material demand
location, u is the material type demanded and k is the crane setup lo-
cation. When both variables x; j x = 1and Y41, 0,0,k = 1, Zs41,j, i, k1S
then forced to be “1” by constraint set in Eq. (25). Hook movement is
then modeled connecting the last material demand and next material
supply locations across two work sequences s and s + 1 smoothly.

2= Xojk = Yorviowk = 1= Zssrgiks VSE{L2 ., R-1LVje(l,2,.
JhVoe{l,2,..,J5Vie{1,2,..,I5Vue({l,2,.., UL Vke(l2,.
,K} (25)

To ensure that every single material demand request is not served
by more than one material supply location, Eq. (26) is required to re-
strict all Step (1) movements in all work sequences.

I
Yz <l Vse{L2. RhVje{L2.ThVie 2.5k
i=1

€ {1,2,...K} (26)

4.6. Multiple movement trips between pairs of material supply and demand
locations due to exceeding lifting capacity of a crane in a material demand
request

When actual material demand quantities in the demand requests
exceed the lifting capacity of a crane, a single trip of the hook move-
ment cannot complete the whole material demand request and multiple
trips from the material supply location to the material demand location
should be arranged. To model the existence of such multiple movement
trips, an auxiliary binary variable & , ; j, 4 « is defined which is gov-
erned by five linear constraint sets in Eqgs. (27)-(31). When a binary
variable x;, , and two parametersl Pr, j, « and A all equal to ‘1’, then

constraint set Eq. (27) ensures ), &, ;juk > 1. At least one material

i=1
supply location i is selected to supply material type u to the demand
location j for the material demand request r being served by a crane
setting up at location k and scheduled in the work sequence s.

1
— A= 1= S rijukr VSE{L2.LREV T

= €{1,2,..,R;Vje1,2,..
JhVYue{l,2,.., UL VEk
e {1,2,.,K}

3 = Xer = Prju

(27)

Constraint set in Eq. (28) is further introduced to ensure that no
more than one material supply location of material type u is being se-
lected for crane operations to complete a material demand request.
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I U
DY Srijuk <1, Vs €{L2,.,REV re{1,2,,REVj € {1,2,..
=hue=t JhVke{l,2..,K}
(28)
In constraint sets Egs. (29)-(31), if any one of the following binary
parameters py, j u, 1i, u OF Ax equal ‘0’, then multiple hook movement trip
becomes unnecessary and J;, . ; j, 4, k = O is required.

Prju = Osrijut VSE{L2 . REVre (1,2, ,REVie{l,2,..,I}5V)
ef{1,2,.,J3Yue{l2,.,ULVkel2,..,K} (29)

Diw 2 Ssrijukr VS E{L2, ,REVre{l,2,. REVie{l,2,..,ILV]
e{1,2,..,J3Yue{l,2...,ULVkel,2,..,K}
(30)

Ak = 8 rijuk VSE{L2, ,REVre{l,2, ,REVie{l,2,.,I;V]
e{1,2,.,J5Yue{l,2,..,U;Vke{l,2,..,K}
(€1

4.7. Number of multiple hook movement trips required for a pair of material
supply and demand locations

In Eq. (32), a constant parameter x specifies the lifting capacity of a
crane and gy, j , is the quantity demanded for material type u at material
demand location j. Mathematically, a symbol 1 is to round up a nu-
merical value calculated by a given mathematical function (inside) to
its nearest integer. For example, if 7 is “30” units and gy ; , is “50” units

then q’—i‘" is “1.667” and [q'%-l converts “1.667” to an integral number
‘2’. Material demand request r demanding material type u at material
demand location j needs to travel exactly 2 times from the material

supply location to the material demand location.

Foju = [q"f*“ ] Vre{l,2,.,RhVj € {12,V uel2,.,U}
’ Ve

(32)
In constraint set (33), if f, ; , is ‘0’ whenever material demand re-
quest does not exist, then & , ; j, 4 x must be forced to be ‘0’ which
means that multiple hook movement trip is not required (where ¢ is an
arbitrary large integer).
Vse{l,2,.,R;5Vref{l,2,. R Vie{l,2,.
JAhVjie{l,2,., 05 Vue({l,?2,.
,ULVkell,2..,K}

€6s,rijuk = frju

Z Bs,r,i,j,u,ky
(33)

4.8. Initialization of the hook movement for the first material demand
request

By optimizing the first material supply location in a work sequence,
the hook movement time from an arbitrary initial hook location to the
first material supply location can be determined. A specific binary
variable y; i is introduced to represent whether the hook of a crane
setting up at location k will travel to material supply location i in the
“first” work sequence as initialization. Constraint set Eq. (34) is re-
quired that is only effective for the first hook movement of the opti-
mized work sequence s = 1. If 2,1 j ; 4, « €quals “1”, then the binary
variable y; i is “1” implying that the hook will travel to the first ma-
terial supply location i to initiate the entire crane operation process.

1= Zemjik 21— P Vj€{L2u,JhVie {L,2.I5V ke {l2,.
K}
(34)
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Fig. 4. Settings of a building construction site.
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4.9. Predetermined pairs of material supply and demand locations
(optional)

To predetermine a specific supply location to serve a demand lo-
cation, a set of given binary parameters 6, ; , is introduced in constraint
set (35). When 6; ; , equals ‘1’, it represents that material demand
location j for material type u can only be served by material supply
location i. If 6; j , equals ‘0’, then y; ; ;, ., x must be ‘0’ which means that
material u from supply location i must not be transported to demand
location j in sequence s by a crane setting up at location k.

Vse{l,2,. . REVie{l,2. I;Vje1,2..J;Vu
€{1,2,.,U;Vke€{1,2,..K}

Oiju 2 Wijuker

(35)

4.10. Objective function for optimization

Objective function in Eq. (40) is derived to minimize total hook
movement and operation times of a crane to complete all material de-
mand requests. Hook movement and operation times are composed by
four components (i)-(iv) as follows. (i) Hook movement time from an
arbitrary initial hook location to the first material supply location ac-
cording to the material demand requests which is denoted by ST. With
inputs of the initial hook location by users and the first material supply
location from y; , hook movement time between these two locations,
PTik, can be calculated by Eq. (14). Hook movement and crane opera-
tion time ST can be evaluated by Eq. (36). (ii) Sub-total of hook
movement times only from material supply locations to material

190

@ Demand location @O

demand locations for all material demand requests in the optimized
work sequence plus their respective crane operation times, SDT, can be
evaluated by Eq. (37). (iii) Hook movement times only from material
demand locations to material supply locations for all material demand
requests together with their crane operation times denoted by DST in
the optimized work sequence is calculated by Eq. (38). (iv) Additional
hook movement times and crane operation times, FT, if quantity of
material demanded exceeds the lifting capacity of a crane, are given by
Eq. (39). Total required number of repetitive movements is f;. ; , that
should be greater than or equal to “2” numerically so as to trigger the
additional hook movement times in the objective function evaluation
for optimization. Total hook movement and crane operation times to
transport all materials comprising (i)-(iv) will be set as an objective
function in Eq. (40).

K I T
ST = Z Z Z (PTLk + TLoadiﬂg)'¢i,k

k=1 i=1 j=1 (36)
K U J I S
SDT = z z Z Z z (Tzlf; + TUnloading)')é,i\;,u,k
k=1 u=1 j=1 i=1 s=1 (37)
K 1 J S
DST = Z Z Z Z (Tllf; + TLoading)'Zs,j,i,k
k=1 i=1 j=1 s=2 (38)

K R R I J U
FT = z Z ZZ Z z (T + TLoadmg+ TUnloadlng)ésrtJuk(f;Ju - 1)

(39
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Minimize (ST + SDT + DST + FT) (40)

The problem can be formulated as a Binary-Mixed-Integer-Linear-
Program (BMILP) by minimizing the total cost objective function in Eq.
(40) subject to linear constraint sets Egs. (1)-(39). Optimized crane
setup location and crane movement sequence can be found to schedule
all received material demand requests. The BMILP problem is a stan-
dard problem that can be effectively solved by the branch-and-bound
technique and the Gurobi™ solver 7.0 in Python platform could be
applied to solve for global optimum solutions [48].

5. Numerical examples

In this section, a set of numerical examples using identical site
conditions, material demand patterns and problem settings is given to
illustrate the new model features and performances. Scheduling all
received material demand requests is optimized. Both non-homo-
geneous and homogeneous material storages at material supply loca-
tions will be considered. Fig. 4 presents the hypothetical problem set-
tings. Three material types M1, M2, and M3 where u =1, 2, 3 and
U = 3 are supplied which are available from four material supply lo-
cations S® to S@ where i = 1, 2, 3, 4 and I = 4. Details of the material
supply locations given in 3D coordinates and available types of mate-
rials at each supply location are given in Table 1. Four feasible tower
crane setup locations are modeled k = 1, 2, 3, 4 and K = 4. Their lo-
cation coordinates together with the initial hook location coordinates
are given in Table 2. Nine material demand locations from D® to D®
where j =1, 2, 3, ..., 9 and J = 9 are modeled in the numerical ex-
amples. Coordinates of the material demand locations are given in
Table 3.

A heavy-load 4000 HC 100 Liebherr tower crane is selected and
modeled in the numerical example. From its technical specifications,
hoisting velocity V, = 136 m/min, radial velocity V, = 60 m/min and
slewing velocity V,, = 0.5 rad/min are inputs to model crane move-
ments. Parameters specifying crane operator's skill levels to control
hook movements, a and f3, are set to be 1.0 and 0.25, respectively. Site
specific parameter for a crane setting up at a location k, vy, is set as 1.0
for normal operating conditions without incurring additional delay. It is
further assumed that the Euclidean hook movement paths between all
material supply and demand locations are free from obstacle blockages
and no additional time delay is induced taking u* = 1.0 and y;, jk =1.0.
Material loading time, Trqding and unloading time, Tynioading for re-
spectively loading materials onto a hook and unloading materials from
a hook are assumed to be constant at 1.0 time unit (minute). Ten ma-
terial demand requests are given to serve 9 material demand locations.
Details are given in Table 4. Column 1 lists the ten material demand
requests. The associated demand locations and material types are ta-
bulated in Columns 2 and 3, respectively. Two sets of material demand
quantities without and with triggering the crane overloading are given
in the next two columns. Column 6 gives the lifting capacity of the
modeled crane. Columns 7 and 8 then specify the required numbers of
movement trips for the crane to complete each material demand re-
quest. Without overloading, hook is able to move in a single trip to
complete the material transportation for each material demand request
in Column 7. When crane is overloading for some material demand

Table 1
Details of material supply locations.

Material supply Location coordinates (3D) Types of material

location, i supply, u
S s S

1 73 37 1,2,3

2 55 73 1.5 2,3

3 35 67 0 3

4 22 46 0 1,2
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Table 2
Details of crane setup locations and initial hook location.

Crane setup location, k cr* cr cr®
1 65 57 30
2 60 33 30
3 70 52 30
4 42 52 30
Initial hook location P P P’
34 41 15
Table 3
Details of material demand locations.
Material demand location, j Location coordinates (3D)
D Dy D?
1 34 41 15
2 34 51 15
3 51 65 15
4 60 65 15
5 76 51 15
6 76 41 15
7 60 26 15
8 51 25 15
9 43 44 15
Table 4
Details of material demand requests.
Material Demand  Material  Quantity of Lifting Required number
request, r location,  type, u material capacity of trips between
j° demand of crane material supply
(weight unit), (weight and demand
ar, j, u unit), 7 locations, f;, j,
Cases  Cases Cases Cases
1-5 6,7 1-5 6,7
1 D® 3 20 75 30 1 3
2 D® 2 30 40 1 2
3 D® 3 10 30 1 1
4 D® 2 25 15 1 1
5 D® 3 25 50 1 2
6 D® 2 10 25 1 1
7 D® 3 30 80 1 3
8 D® 2 25 55 1 2
9 D® 2 10 20 1 1
10 D® 1 25 50 1 2

@ For D®, subscript j = 2 for identifying the demand location.

requests, Column 8 gives the respective numbers of trips that are re-
quired for the hook movements to complete the material demand re-
quests.

7 study cases are modeled to illustrate different solution char-
acteristics for comparisons and discussions. Detailed information about
the 7 study cases are given as follows. In the literature review section,
different service strategies such as first-in-first-out/ first-in-first-serve
(FIFO/FIFS), shortest job first (SJF) and nearest neighbor (i.e. nearest
neighbor's request next) first (NNF) methods were reviewed. Based on
the identical problem settings as given above in the numerical ex-
amples, these servicing strategies can be operated to solve the Crane
Service Sequencing Problem (CSSP). Also, the modified Traveling
Salesman Problem (TSP) has been formulated and applied to solve the
CSSP [41]. To implement FIFS in Case 1, SJF in Case 2, NNF in Case 3,
and modified TSP in Case 4 for solving the present numerical examples,
these 4 cases require pre-determined pairs of material supply and de-
mand locations. Table 5 then provides additional details for pairing
material supply and demand locations for the ten material demand
requests. With respect to each material demand request, demand
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Table 5
Ten material demand requests with paired material supply locations.

Material request, r Demand location, j Material type, u Supply location i Material request, r Demand location, j Material type, u Supply location i
1 D® 3 S® 6 D® 2 S@
2 D® 2 S® 7 D® 3 S®
3 D® 3 S® 8 D® 2 S®
4 DO 2 S® 9 D® 1 S@®
5 D® 3 S® 10 D® 1 S®
Table 6

Details of hook movement paths by First-in-first-serve (FIFS) method in Case 1.

Resultant sequence, s Material request, r Material type, u Demand quantity, g, ; , Hook movement of crane Hook movement time, T; jk Cumulative operation time"
Location i Location j
1 1 3 20 D® S® 1.54 2.54
S® D® 1.00 4.54
2 2 2 30 D@ S@ 2.12 7.66
S@ D® 0.30 8.96
3 3 3 10 D® S® 1.24 11.2
S® D® 1.56 13.76
4 4 2 25 D® S®@ 2.61 17.37
S@ DO® 0.83 19.2
5 5 3 25 DO S® 4.89 25.09
S@ D® 0.73 26.82
6 6 2 10 D® S@ 6.22 34.04
S® D® 0.83 35.87
7 7 3 30 D® S@ 4.89 41.76
S@ D® 2.57 45.33
8 8 2 25 D® S@ 2.57 48.90
S® D® 1.29 51.19
9 9 1 10 D® S@ 2.38 54.57
S® D® 0.52 56.09
10 10 1 25 D® S® 3.15 60.24
S® D® 1.81 63.05

Total operation time: 63.05 time units (mins).
@ Cumulative operation time includes hook movement time between material demand and supply locations and the constant loading or unloading time of 1.0 time unit (min).

Table 7
Details of hook movement paths by Shortest-job-first (SJF) method in Case 2.

., Hook movement of
Optimized Material Material cll)uean;:?}(lig crane m(f-\llzz(ent C:};g:;ﬁg:e
sequence, § request, r type, u Qrju Locgtion Locgtion time, T,/‘J- time*
4 J

DO NO) 2.66 3.66

1 2 2 30 S@ D® 0.30 4.96
D@ S@ 2.34 8.30

2 9 1 10 S@ DO 0.52 9.82
DD NO) 3.15 13.97

3 5 3 25 NO) D® 0.73 157
D® S@ 6.22 2292

4 6 2 10 S® D® 0.83 2475
D® S@ 0.83 26.58

5 4 2 25 S® D® 0.83 28.41
D® S® 0.58 29.99

6 1 3 20 S® D® 1.00 31.99
D® NO) 3.68 36.67

7 8 2 25 NO) D® 1.30 38.97
D® N6E) 3.39 43.36

8 3 3 10 S® D® 1.55 4591
D® NO) 3.13 50.04

9 10 1 25 NO) D® 1.81 52.85
D® NO) 1.81 55.66

10 7 3 30 NO) D® 2.57 59.23

Total operation time: 59.23 time units (mins).
*Cumulative operation time includes hook movement time between material demand and supply locations and the constant loading or unloading time of 1.0 time unit (min).
Remark: Shaded figures are sorted hook movement times in ascending order in the sequence for implementing the SJF.
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Table 8
Physical separations among 9 material demand locations (in meters).

Automation in Construction 89 (2018) 183-198

D® D@ D® D@ D® D® D® D® D®
D® - 10.00 29.41 35.38 43.17 42.00 30.01 23.34 9.48
D®@ 10.00 - 22.02 29.53 42.00 43.17 36.07 31.06 11.41
D® 29.41 22.02 - 9.00 28.65 34.66 40.02 40.00 22.47
D@ 35.38 29.53 9.00 - 21.26 28.84 39.00 41.00 27.02
D® 43.17 42.00 28.65 21.26 - 10.00 29.68 36.07 33.73
D® 42.00 43.17 34.66 28.84 10.00 - 21.93 29.68 33.14
D® 30.01 36.07 40.02 39.00 29.68 21.93 - 9.06 24.76
D® 23.34 31.06 40.00 41.00 36.07 29.68 9.06 - 20.62
DO 9.48 11.41 22.47 27.02 33.73 33.14 24.76 20.62 -

Remark: Shaded figures highlight the next nearest material demand locations.

Table 9
Details of hook movement paths by nearest neighbor first (NNF) method in Case 3.

Optimized sequence, s Material request, r Material type, u Demand quantity, gy, j, »

Hook movement of crane Hook movement time, T; jk Cumulative operation time®

Location i Location j
D® S@ 0.52 1.52
1 9 1 10 S® D® 0.52 3.04
D® S® 1.54 5.58
2 3 3 10 S® D® 1.56 8.14
D® S® 1.56 10.70
3 1 3 20 S® D® 1.00 12.70
D® S® 2.12 15.82
4 6 2 10 S® DO® 0.83 17.65
D® S@ 0.83 19.48
5 4 2 25 s@® DO® 0.83 21.31
D® S@ 0.83 23.14
6 2 2 30 S® D® 0.30 24.44
D@ S® 5.49 30.93
7 7 3 30 S® D® 2.57 34.50
D® S@ 2.57 38.07
8 5 3 25 S® D® 0.73 39.80
D® S® 0.73 41.53
9 8 2 25 S® D® 1.29 43.82
D@ S@ 1.29 46.11
10 10 1 25 S® D® 1.81 48.92

Total operation time: 48.92 time units (mins).

@ Cumulative operation time includes hook movement time between material demand and supply locations and the constant loading or unloading time of 1.0 time unit (min).

location, material type demanded and corresponding supply location
are all provided in Table 5. It should be noted that the nearest material
supply location has been paired to various material demand locations
for fair assessments.

In(Cases 5-7, our proposed optimization method is applied to solve
the problem with identical settings mentioned above except that the
predetermined pairs of material supply and demand locations given in
Table 5 are relaxed as model variables. Case 5 is regarded as the basic
model to minimize Eq. (40) subject to linear constraint sets in Egs.
(1)-(17), (20)-(31), (34), and (36)—(39). If optional constraint set in Eq.
(35) is included in Case 5, then restrictions of pairing the material
supply and demand locations given in Table 5 will be effective and the
optimization results from our proposed method would return to the
results obtained by the modified TSP method as in Case 4. To trigger the
proposed model to consider crane overloading effects, Case 6 is con-
ducted to optimize again the objective function in Eq. (40) subject to
linear constraint sets in Egs. (1)-(17), (20)—(34), and (36)-(39). Egs.
(32) and (33) are added in Case 6 while comparing to the constraint sets
being used in Case 5 to determine the hook movement frequencies. Eq.
(39) would then calculate the extra hook operation times due to mul-
tiple trips between pairs of material supply and demand locations.
Lastly, constraint sets in Egs. (18) and (19) are added to the formulation
for optimization in Case 7 that is to minimize Eq. (40) subject to linear
constraint sets in Egs. (1)-(34) and (36)—(39). Key difference between

Case 6 and Case 7 is that Case 7 further enables a new model function to
accept “urgent” material demand requests from users’ inputs while
optimizing the work sequence. Those “urgent” material demand re-
quests will then be prioritized to the top of the schedule being served. It
is found that very different model results are obtained for comparisons
and relevant discussions are given as follows.

In Case 1, work sequence is the simplest one based on a first-in-first-
serve (FIFS) basis. No optimization is required. Without changing the
order of the ten given material demand requests in Table 5, the se-
quence s just follows the material (demand) request r (i.e. s = r). And
this schedule sequence is regarded as the results of adopting the FIFS
strategy. Since the associated material supply locations and material
types to be supplied are all given in Table 5, individual hook movement
time for each request between the given pair of material supply and
demand locations can directly be calculated using Egs. (1)-(15). Adding
the constant material loading and unloading times to the hook move-
ment times, the total operation time is calculated to be 63.05 time units
(mins) for completing all material demand requests. Details are tabu-
lated in Table 6 listing all material demand requests and their re-
spective hook movement times between the fixed pairs of material
supply and demand locations. Column 1 lists the order of sequence from
1 to 10. Column 2 gives the respective material demand request.
Column 3 collects the material type being requested in the associated
material request. Column 4 gives the material demand quantity.
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Table 10
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Details of hook movement paths by modified TSP model with fixed pairs of material supply and demand locations in Case 4.

Optimized sequence, s Material request, r Material type, u Demand quantity, qy, j,

Hook movement of crane Hook movement time, T; jk Cumulative operation time"

Location i Location j
D® S@ 0.52 1.52
1 9 1 10 S@ D® 0.52 3.04
D® S® 1.54 5.58
2 1 3 20 S® D® 1.00 7.58
D® S@ 2.12 10.70
3 4 2 25 S@ D® 0.83 12.53
DO® S@ 0.83 14.36
4 2 2 30 S@ D® 0.30 15.66
D® S@ 0.30 16.96
5 6 2 10 S@ D® 0.84 18.80
DO® S® 0.59 20.39
6 3 3 10 S® D® 1.56 22.95
D® S® 3.13 27.08
7 8 2 25 S® D® 1.30 29.38
D® S® 1.30 31.68
8 5 3 25 S® D® 0.73 33.41
D® S® 0.73 35.14
9 10 1 25 S® D® 1.81 37.95
D® S® 1.81 40.76
10 7 3 30 S® D® 2.57 44.33

Total operation time: 44.33 time units (mins).

@ Cumulative operation time includes hook movement time between material demand and supply locations and the constant loading or unloading time of 1.0 time unit (min).

Table 11
Details of hook movement paths by the proposed optimization method in Case 5.

Optimized sequence, s Material request, Material type, u Demand quantity, g;,

Hook movement of tower crane

Hook movement time, Cumulative operation

r i T, * time®
Location i Location j
1 6 2 10 D® S@ 0.52 1.52
S@ D® 1.69 4.21
2 2 1 30 D® S®@ 0.83 6.04
S@ D® 0.30 7.34
3 4 1 25 D® S@ 0.30 8.64
S@ D® 0.83 10.47
4 1 3 20 D® S® 0.59 12.06
S® D® 1.00 14.06
5 3 3 10 D® S® 1.00 16.06
S® D® 1.56 18.62
6 9 2 10 D® S@ 0.55 20.17
S@ D® 0.52 21.69
7 10 1 25 D® S® 0.52 23.21
S@ 1.86 26.07
8 8 2 25 D® S® 1.81 28.88
S® D@ 1.30 31.18
9 5 3 25 D® S®@ 1.30 33.48
S® D® 0.73 35.21
10 7 3 30 D® S® 0.73 36.94
S® D® 2.57 40.51

Total operation time: (40.51 time units (mins) @ k = 3 (optimal crane set up location).

@ Cumulative operation time includes hook movement time between material demand and supply locations and the constant loading or unloading time of 1.0 time unit (min).

Columns 5 and 6 provide the hook movement details from one location
to another. Column 7 then shows the respective hook movement time
for each hook movement. Column 8 gives the cumulative operation
time including hook movement, loading and unloading times. And the
last row of the Table 6 presents the total operation time which should
be matching the last entry of Column 8. Tables 6, 8-11, and 13-14 are
presented in similar formats. Optimization results for Cases 2-7 could
be retrieved similarly.

In Case 2, shortest job first (SJF) strategy is applied. Working logic is
to examine the ten material demand requests including the material
supply and demand locations and the material types being requested.
With respect to each request, the nearest material supply location
supplying the requested material for the material demand location is
given in Table 5. 3D coordinates of all material supply and demand

locations are given in Tables 1 and 3, respectively. Euclidean distances
between all pairs of material supply and demand locations can be cal-
culated using the Pythagoras's theorem. From Egs. (1)-(15), respective
hook movement times could be obtained. By sorting these hook
movement times in ascending orders (i.e. the shaded hook movement
times in Table 7) for all the material supply and demand pairs, hook
movement sequence is then scheduled. Table 7 summarizes the com-
putation results using the SJF strategy. Total operation time is 59.23
time units (mins).

In Case 3, nearest neighbor first (NNF) method (regarded as the
nearest neighbor's request next) is implemented. Work sequence is
optimized by searching the next nearest material demand locations
from the existing one. In the present numerical example, hook move-
ment starts from an initial hook location and then moves to the next
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Total operation time (time units)

47.00%.....

46.00 -
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40.00 40.51

&k
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Fig. 5. Total operation time (objective function value in Eq. (40)) against crane setup
location k.

nearest material demand location. Upon completing one material de-
mand request, the next nearest material demand location will be
identified and then served until all material demand requests are
completed. In the present numerical examples, initial hook location is
set at demand location D® and thus material request r = 9 for demand
location D@ is firstly selected by default in the resultant work sequence.
Based on physical separations among the 9 modeled material demand
locations which are calculated based on the given coordinates in
Table 3, the next nearest material demand location is identified to be
D®, where is 9.48 m away from material demand location D®, in ma-
terial request r = 3. Thus, optimized sequence s = 2 will be scheduled
for material request r = 3. Based on the coordinates given in Table 3 for
all material demand locations, all their Euclidean distance separations
can be directly calculated using the Pythagoras's theorem and results
are tabulated in Table 8. According to the shaded figures in Table 8
highlighting the next nearest material demand locations, other re-
maining material requests can then be scheduled similarly to form the
following sequence D® — D® — D® — D® — D® — D® — D® — D@ —
D®. Details of hook movement paths can be found in Table 9. Total

Locations

D@
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Table 12
Total operation times using different scheduling methods in Cases 1-5.

Scheduling method ~ FIFS SJF NNF Modified TSP Proposed
(Case 1) (Case 2) (Case 3) (Case 4) optimization
method”
(Case 5)
Total operation time 63.05 59.23 48.92 44.33 40.51

(time units)
Difference from
Case 5"

—22.54 -18.72 -—8.41 —3.82 -

@ (i) Total operation time in Case 5 minus Total operation time in Case 1, 2, 3, or 4. (ii)
Negative results mean that the proposed optimization method in Case 5 outperforms all
other scheduling methods in Cases 1-4 with lesser total operation time.

hook movement time is found to be 48.92 time units (mins).

In Case 4, the numerical example problem is formulated as a
modified TSP model [41]. Since there are totally ten material demand
requests with fixed pairs of material supply and demand locations, the
modified TSP problem likes to solve a problem of ten nodes. To ensure
all the ten nodes being reached once, there are 10! (=3.628,800) so-
lution combinations. Through exhaustive search, the minimum nu-
merical solution of the total operation time is found to be 44.33 time
units (mins) for completing the ten material demand requests. Details of
the hook movements are given in Table 10.

In Case 5, the proposed optimization method is applied to solve the
crane scheduling problem with identical problem settings as used in
Cases 1-4. However, the fixed pairs of material supply and demand
locations given in Table 5 will be relaxed as model variables. Depending
on the availability of material supply, material supply locations to serve
the ten given material demand requests for various material demand
locations would become model variables. Referring to Table 2 and
Fig. 4, four available crane setup locations are modeled. The proposed
optimization method is capable to optimize the crane setup location.
With all these model relaxation, total operation time is optimized to be
40.51 time units (mins) which has around 9% improvement while
comparing to that by the modified TSP model in Case 4. The optimized
crane setup location is found to be k = 3. Details of the hook move-
ments optimized by the proposed optimization method can be found in
Table 11. Fig. 5 plots the objective function value with respect to the

Fig. 6. Hook movement paths by the modified TSP model in
Case 4 and the proposed optimization method in Case 5.

D® . . . : . . | . o
5 10 15 20 25 30 35 40 45
Time units
”””””” > B . :
Modified TSP model ~ Proposed optimization method (in mins)

in Case 4 in Case 5
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Table 13
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Details of hook movements in Case 6 with multiple hook movement trips due to overloading effects.

Optimized Material Material type, Demand Hook movement of crane Hook movement Additional multiple trip ~ Cumulative operation
sequence, § request, r u quantity, qr, j, u time, T; j" operation time" time”
Location i Location j
D® S@ 0.52 - 1.52
1 6 2 25 S@ D® 1.69 - 4.21
D® S@® 0.83 - 6.04
2 2 2 40 S@ D® 0.30 2.60 9.94
D® S® 0.30 - 11.24
3 4 2 15 S®@ D® 0.83 - 13.07
D® S® 0.59 - 14.66
4 1 3 75 S® D® 1.00 8.03 24.69
D® S® 1.00 - 26.69
5 3 3 30 S® D® 1.56 - 29.25
D® S@ 0.55 - 30.80
6 9 2 20 S@ D® 0.52 - 32.32
D® S®@ 0.52 - 33.84
7 10 1 50 S@ D® 1.86 5.73 42.43
D® S® 1.81 - 45.24
8 8 2 55 S® D® 1.30 4.60 52.14
D® S® 1.30 - 54.44
9 5 3 50 S® D® 0.73 3.47 59.64
D® S® 0.73 - 61.37
10 7 3 80 S® D® 2.57 14.29 79.23

Total operation time: 79.23 time units (mins) @ k = 3 (optimal crane set up location).

@ Additional multiple trip operation time is calculated by Egs. (37) and (38) due to overloading effects.
> Cumulative operation time includes hook movement time between material demand and supply locations and the constant loading or unloading time of 1.0 time unit (min).

Table 14

Details of hook movements in Case 7 with multiple hook movement trips and prioritized urgent material demand requests.

Optimized Material Material type, Demand Hook movement of crane Hook movement Additional multiple trip ~ Cumulative operation
sequence, s request, r u quantity, ¢ j time, T; jk operation time® time”
Location i Location j
DO S®@ 0.52 - 1.52
1 9 2 20 S@ D® 0.52 - 3.04
D® S@ 0.52 - 4.56
2 10 1 50 S® D® 1.86 5.73 13.15
D® S® 1.81 - 15.96
3 5 3 50 S® D® 0.73 3.47 21.16
D® S® 0.73 - 22.89
4 7 3 80 S®© D® 2.57 14.29 40.75
D® S® 2.57 - 44.32
5 8 2 55 S® D@ 1.30 4.60 51.22
D® S® 2.38 - 54.6
6 6 2 25 S@ D® 1.69 - 57.29
DO S@ 0.83 - 59.12
7 2 2 40 S®@ D® 0.30 2.60 63.02
D@ S@ 0.30 - 64.32
8 4 2 15 S@ D® 0.83 - 66.15
DO® S® 0.59 - 67.74
9 1 3 75 S® D® 1.00 8.03 77.77
D® S® 1.00 - 79.77
10 3 3 30 S® D® 1.56 - 82.33

Total operation time: 82.33 time units (mins) @ k = 3 (optimal crane set up location).

@ Additional multiple trip operation time is calculated by Egs. (37) and (38) due to overloading effects.
> Cumulative operation time includes hook movement time between material demand and supply locations and the constant loading or unloading time of 1.0 time unit (min).

available crane setup location k. In the present study, the proposed
optimization method is formulated as a Binary-Mixed-Integer-Linear-
Programming problem (BMILP). For the computational problem size in
Case 5, there are 9017 binary variables and 31,637 linear constraints. It
takes about 20 min to solve the problem using a Gurobi 7.0 solver with
a i7-4820K CPU @3.70 GHz which is considered computationally
manageable. It is expected that computing time will be increased if
more material demand requests are to be scheduled.

Fig. 6 plots the hook movement details with direct comparisons
between the modified TSP model in Case 4 and the proposed optimi-
zation method in Case 5. From the same initial hook location, a series of
arrows is drawn to simulate individual hook movements. Heads of

arrows are pointing to next hook locations. And tails of arrows are the
prior hook locations. It is observed that very different patterns of ar-
rows are found in Cases 4 and 5 implying that the hook movement
patterns are quite different. Shorter arrow lines are generally observed
in the proposed optimization results (solid lines in Fig. 6) connecting
the nearest pairs of material supply and demand locations and also the
consecutive pairs of material demand and supply locations (well pre-
paring to serve the next material demand request). In Fig. 6, solid lines
of arrows are terminated earlier indicating that the total operation time
required to complete the ten material demand requests in Case 5 is less
than that in Case 4. As a whole, the proposed optimization method (in
Case 5) outperforms the FIFS (in Case 1), SJF (in Case 2), NNF (in Case
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Fig. 7. Optimized hook movement paths with multiple
hook movement trips in Case 6 and urgent material de-
mand requests in Case 7.

50 55

60

3), and the modified TSP model (in Case 4).

Total operation times including the hook movement times and
material loading and unloading times obtained by the scheduling
methods from Cases 1-5 for respectively FIFS, SJF, NNF, the modified
TSP model, and the proposed optimization method are given and
compared in Table 12. Taking the total operation time of the proposed
optimization method in Case 5 as a reference, results from Cases 1-4
show that the identical ten material demand requests are completed
using longer total operation times. Their differences are given in
Table 12. Negative numerical differences of the total operation times
reveal that Case 5 outperforms all other cases to optimize a more ef-
fective schedule for the hook movements.

With these promising findings, the proposed optimization method is
extended to deal with more complex problem settings. Case 6 is to
model a problem scenario when material demand quantities exceed the
lifting capacity of a crane. Then, multiple movement trips of the hook
traveling to and from the same pair of material supply and demand
locations are required to complete a single material demand request.
Case 7 is further extended to accept some urgent material demand re-
quests from user inputs so that those urgent material demand requests
can be prioritized on top of the optimized work sequence.

In Case 6, settings of the original material demand requests of are
slightly revised so as to trigger the new model features. In Table 4,
quantities of material demand in some requests for Cases 6 and 7 are
increased and become exceeding the crane lifting capacity. Required
numbers of hook movements are thus increased and more than one
hook movement trip is needed to complete some of the material de-
mand requests. Based on the revised quantities of material requests
given in Table 4, details of the optimized hook movements and work
schedule for Case 6 are presented in Table 13. A new column is given to
specify the “Additional multiple trip operation time” that is required
due to the overloading effects to trigger additional hook movements
between material supply and demand location pairs. For material de-
mand quantity being greater than the crane lifting capacity which is
st = 30 units in the numerical examples, additional hook movement
trips and longer operation times are triggered. For instance, for material
demand request r = 2, material demand quantity is 40 units which are
larger than the crane lifting capacity of 30 units. A single hook move-
ment trip from material supply location S® to material demand location
D@ is insufficient. Additional return trip back from material demand
location D@ to material supply location S®@ to load the requested ma-
terial (i.e. 0.30 + 1.0 time units) by Eq. (38) and another trip to deliver
the outstanding amount of the requested material from material supply
location S®@ to material demand location D@ to unload the material (i.e.
0.30 + 1.0 time units) by Eq. (37) are both required. Thus, an addi-
tional operation time of 2.60 (= 0.30 + 1.0 + 0.30 + 1.0) time units is
added to complete material demand request r = 2. Five more such
multiple trip operation times are calculated for those material demand
quantities being greater than the crane lifting capacity. Total operation
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time in Case 6 is found to be 79.23 time units (mins) as presented in
Table 13.

In Case 7, material demand locations D®, D® and D® are considered
to place urgent material demand requests. Urgent material demand
requests ¥ = 5, 9, and 10 are required to be prioritized in the optimized
work sequence. Through adding constraint sets in Egs. (18) and (19) to
the BMILP formulation, the proposed optimization method can suc-
cessfully prioritize these 3 material demand requests to the optimized
work sequence. Table 14 presents the optimization results. Still, mini-
mizing the total operation time is the objective function for optimiza-
tion. It is found that the work sequence is quite different while com-
paring to the optimization result in Case 6. Fig. 7 plots the two
optimized hook movement paths for completing the ten identical ma-
terial demand requests. To fulfill the urgent material demand requests,
the total operation time is slightly increased from 79.23 to 82.33 time
units (mins).

6. Conclusions

The proposed study aims to enhance the work efficiency of practical
crane operations through minimizing the total hook movement time
and total operation time by scheduling the crane movement sequence.
Binary variables and linear governing constraint sets are designed to
model the crane operations and detailed hook movements. The opti-
mization problem is formulated as a Binary-Mixed-Integer-Linear-
Programming (BMILP) and solved by a Gurobi solver. Significant re-
duction in total operation time is observed by the proposed optimiza-
tion method while comparing to conventional scheduling strategies.
New model features are developed including (i) crane setup location
could be optimized, (ii) non-homogeneous and homogeneous material
supply are modeled, (iii) initial hook location is defined as model input
from users, (iv) conventionally fixed pairs of material supply and de-
mand locations could be relaxed as model variables, (v) maximum
lifting capacity of crane is introduced and multiple hook movement
trips between material supply and demand locations are modeled, (vi)
users may input urgent material demand requests so that their servicing
orders are prioritized in the optimized schedule. With these, the pro-
posed optimization model could optimize the crane scheduling and
hook movement patterns to serve all received material demand re-
quests. The present formulation is able to be extended to deal with
multiple crane operations as further works. Additional constraints are
required to ensure safe crane operations and avoid spatial conflicts.
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