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TSP-BASED MODEL FOR ON-SITE MATERIAL HANDLING OPERA TIONS WITH TOWER CRANES
ABSTRACT

Today, with the necessity of timely, on-budget dngh quality completion of projects, proper use of
construction equipment is essential to ensure praggaccess. Construction equipment places a largeetary
burden on the project and if not utilized efficlgntit can result in economic losses. Cranes am anthe most
important and expensive operational devices ontoacton sites. They play a central role, and oftetivities that
rely on crane services fall on the project’s catipath. Currently, material-handling schedulingdse by the crane
operator or by an on-duty superintendent usinghais/ personal judgment, making the process mamaatime-
consuming. Thus, developing an optimal scheduléglwbonsiders different dynamic constraints in ¢argion job
site, may not be possible based on the currentipead his leads to longer operation times andgatiee impact on
project cost. This paper presents the latest esifilan ongoing study, which aims to design andemgnt a near-
real time crane operation decision support systetpet utilized directly by the crane operator omaasaid for the
superintendent in scheduling optimal operationises/ This system has several advantages suchxsiziag the
efficiency of crane operations, guaranteeing th& bperation possible to reduce the crane’s traned, reducing
crews and equipment idle time, and minimizing tep&hdence on subjective human judgments.
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INTRODUCTION

Building a high quality product with less time undelimited budget is the goal of construction pobg.
Construction industrialization and using prefaltécaand modularized material offer substantial opputies to
achieve this goal. In construction industrializatiche building elements are manufactured off-sitel are
transported, installed or assembled on site afteh{Ran et al., 2012). Therefore, onsite produgiimtess is being
replaced mainly by installation of the elements araterial which is transported to the site. Consetly, material
handling devices are becoming more and more dorminduilding construction sites (Shapira et a02). Among
all material handling devices, cranes, includingvdo and mobile, are the most popular ones. Thetensi
transportation process highly depends on crandcesrand thus, planning the usage of the craneécseis/ crucial
to finish the project tasks with respect to timmaitations. This process is subject to several uaggies and thus
requires careful planning and control to reducerigie(Peurifoy et al., 2010).

Previously, increasing crane operation productitidg been investigated mostly via two approachess; f
through facility layout planning in the design phdsy appropriately locating tower cranes and sujgatgtions to
reduce crane’s total travel time (Huang et al.,1220dam et al., 2001; Tam & Tong, 2003; Zhang etl#8196; Zhang,
et al., 1999) Second, reducing crane travel tine dlao been investigated by using add-on techredoglich as
vision systems (Everett & Slocum, 1993; Lee et 2012 ; Shapira et al., 2008) and collision detecsystems
(Sivakumar et al., 2003; Kang & Miranda, 2006; eeil., 2012) to facilitate crane navigation esalciwhen the
operator’s line of sight is obstructed.

Traditionally, in a construction job site, the towsane operator is in contact via radio commuioceat
system with the working deck and is in touch wiik signal men on the ground. The signal men fatglithe crane
movement when the operator has a limited line ghtsthrough a set of hand signals. Requests retddioem
different crews in the jobsite are sent to the towene cabin using radio communication system wailidbe
processed by the operator who normally plans sesvi@sed on the FIFO (first-in-first-out) rule.nhore advanced
cases, crane’s operation schedule is finalizednbyn-&harge superintendent who receives materialatg requests



from different working parties ahead of time (soimets a day in advance). In case of new/urgent guduring
operations, changes in the schedule are impleméantedordination with the superintendent. Failunetimely
submission of requests can cause significant delagiseduce the efficiency of the developed schedul

This paper presents a site-level material sup@nmhg and scheduling decision support system (D&S)
tower cranes. The DSS is based on an asymmetni@liimg Salesman Problem formulation. This DSS csmisathe
on-duty superintendent in charge of planning thenerservice allocation or can be used directly Hey drane
operator to reduce the operation time. The outpubh® optimization model is the chronological semee of the
locations, the crane must visit to optimize theetdime through minimizing the travel distance.

PROBLEM DESCRIPTION

To illustrate the problem graphically, consideranstruction site layout with a central tower cranecharge of
material handling process (

Figurel-left side). The site layout could be presented bipartite graph, consisting of two disjoint sets

Figure 1-right side): material locations (supply nodes) anew locations (demand nodes). Requested maisrial
sent to the crews using the available tower creaeh location is not intrinsically a supply or demdanode and can
play each role based on the received requestshiplaetite graph is a dynamic graph built after resfs received
and will be updated every time one request is ekfitled or a new request is submitted. Traveldims associated
with each link connecting a crew (C) node with aemal (M) node. Solid arcs in

Figurel show outstanding crane requests and the dottedshoav the outgoing routes from crew locations
in the returning path.

Figure 1 - Construction site layout and its repnésiive bipartite graph

The problem is to determine the sequence of logatibe tower crane must visit in order to fulfiet
service requests received, such that the totattitime is minimized. Depending on the number @&ws (assume
W) requesting crane service, there are w altereaiptions for the crane operator to choose the thewreceives
service first. After fulfilling the first crew’s deand, there are w-1 outstanding demands to chaosg ff in the
meanwhile no other request has entered. This psowék continue until all requests have been fidfll which
results in w! possible ways to fulfill all crewsequests. Since w! grows significantly with w, exstéae or brute-
force search, which means enumerating all posstueidates for the solution and checking whetheh eandidate
satisfies the problem statement, is not feasilblethermore, fulfilling a random request or thetfirsceived request
and then going to the next nearest point to futfié next request, etc. (nearest neighbor algojijtitoes not
necessarily result in the shortest path and thenmim completion time (Gutin & Punnen, 2004). Thtise
challenge is to design a robust method to deterrttiee optimal sequence of tasks that yields the mmini
completion time.



We refer to this problem as “Crane Service Sequéhoblem (CSSP).” CSSP is similar to a well-known
combinatorial optimization problem, namely the Talivg Salesman Problem (TSP). TSP is one the nuistious
problems in Operation Research because it is @asydlain and so tempting to try and solve (Wolse398). The
problem is to find the sequence in which the triawglsalesman visits n cities and returns to hastistg point with
the minimum travel time such that each city isteidionly once. Unlike its easy description, TSBridNP-complete
problem that has become a representative of difftmmbinatorial optimization problems. In TSP ritay at city 1,
the salesman has— 1 choices for second city amd— 2 for the next choice, and so on. Thus, there(are 1)!
feasible tours in case of asymmetry (where theadcst from city i to j is not equal to the distarficen city j to i),
and if the distances from city i to j are equabisth directions (symmetry), the number of possiblaers will be
(n —1)!/2. The conclusion to be drawn is that using compdetemeration can only solve such a problem for smal
values ofn.

CSSP can be formulated as a TSP by defining eaprese (starting from a material node and ending to
crew node) as a city, and connecting arcs as ttawelof switching between requests. CSSP candrerbduced to
an asymmetric TSP. However, unlike TSP, in CSSReci@an visit one location several times. CSSP besom
search of the shortest tour (total travel timej)tstg from the crane idle position, visiting a giveet of requests
exactly once (a Hamiltonian tour) and returningtsdnitial position. In CSSP, crew and materiaddtons might be
visited more than once while request nodes camheuisited once. In case of requesting the samécgemultiple
times [for instance when several (say 10) tripsraqgired for the crane to deliver a given volurhenaterial from a
supply node to a demand node] each request wilkpeesented as one node (10 nodes in this exahopfeget the
constraint of visiting request nodes only once.

PROBLEM FORMULATION

CSSP is based on “request time métr(®: p,;) which reflects the travel time required when shiing
between requests. The CSSP can be representeditscged graph G = (V, A), wheté= {1,...,n} is a set oh
vertices (representing requests); ahe {(k,01):k,le V} is a set of directed arcs. A is associated withoa-
symmetric cost matriXpy;).The CSSP mathematical formulation is as follows:

Minimize  z = ¥y X DY (1)
Subject to:
Dtk Yo =1 Vil e V,(klD) €A (2
ikt Yio =1 VkleV,(kl)eA 3)
Ykesdies Yu=1 S €V, 2<|s|[<n-2, (kD)€EA (4)
Y € {0,1} VkIEV k+#1 (5)

In this algorithmy,, is the decision variable describes which arca ihé optimal tour and can take 0 or 1.

In other wordsyy; = 1 if the crane hook goes directly from request nbdie request nodk andy,; = 0 otherwise
(constraint (5)). Constraints (2) and (3) ensura &wvery vertex is only visited once as it is slaie the TSP
definition. However, considering only constrain2$ 4nd (3) does not assure a single continuousagatttherefore,
to preserve the sequence integrity, an additiotialilation is needed. Constraint (4) is called subtelimination
constraint, and prohibits solutions with the incide of two or more disjoint vertices in the graphe symbol in
constraint (4) is a subset of the vertices in thapg andS = V \ S is the complement &. The physical
interpretation of connectivity constraint (4) isathin every CSSP solution, there must be at leastavc pointing
from S to its complemeniSj. In other wordsS cannot be disconnected (Laporte, 1992).

Crane hook’s total transportation time is the sdrmwo time components : 1) the fixed travel times@dated with
outgoing arcs from material nodes representingtantiing requests (solid arcs in

Figurel) that must be fulfilled; and 2) the time assodatéth ingoing arcs to material nodes (dotted arc i



Figure 1) representing the returning route that can beooptly chosen among different available options.
Given that the former time component is fixed, c@sting can be accomplished through optimizinglakier time
component, which is the focus of this research.

The CSSP formulation is based on the request tira&ibxm(P: p,;), which is developed based on the
location travel time matrix&: ;) combined with the received requestg.i€a square, symmetric matrix reflecting
time in the incomplete graph connecting the mateciaw, and initial crane locations. The maximuosgble edges
in CSSP withn crews,m material locations an@r cranes is denoted Iky, ,, ¢ and is equal tom X n + Cr (m +
n). Travel time matrix’s elements are calculated gsiasic site layout geometry and crane specifinatiith polar
coordination based on Zhang et al.’s (1996) semmakr crane’s mathematical travel time predictioodel. This
model was used thereafter in other works with malichanges (Huang et al., 2011; Tam et al., 20@by €t al.,
2003; Zhang et al., 1999). In this mode};, 0s;, z5;) are coordinates of thiéh supply location, antry;, 6p, zp;)
are the coordinates of thh demand locatior: andf are the radial distance and counterclockwise afngha and
arbitrarily origin (crane’s base location) and afisaxis). Trolley's travel time between nodesndj is the

composed of its radiaﬂ‘fi'j)), angular Tf’j)), and vertical T‘Ei’j)) travel times between two nodes:

T = —|rsi‘;:"i| (6)
F s 0s.—0p.
1 = el @)

Vertical component of the travel time is calculatgidchilarly; however a factor is added, referred to
“minimum hoisting height”, to account for the addlital height traversed to move the material dependin loaded
material type, site topography, obstruction aneétyafactors.

{|SiZ—D]-Z|+2xMinH0istingHeight}

) _
T," = Ve

(8)

RadialV.(m/min), angularV,(rpm), and verticaV,(m/min) velocities can be obtained from the in-
service crane manufacturing specifications.

As the crane’s hook moves in different directiommudtaneously, total travel time cannot be simply
estimated as the sum of its three components. Thameneters are used to account for simultane@ume anotions
and site conditionsx andp are used degree of simultaneity indicators for emeents in horizontal and vertical
planes, respectively. Both parameters are betwesmand one, while zero reflects fully simultaneowsvements
and one reflects fully consecutive movememtss used to account for work site conditions andtlztion
existence in site.

T}Ei‘j) = max {Tr(i’j),Ta(i‘D} +o - min {Tr(i‘j),Ta(i‘j)} 9
Tap = v+ (max{T{?, T} + - min {107, V) (10)
Wherel0 <x<1,0<8<1,1<y< o0,
Using equation 6 to 10, travel time between alhpois calculated and the “location travel time nixatis
constructed. Using the location travel time matrggquest time matrix is built and used to get tip¢insized
sequence based on the CSSP algorithm.

EVALUATION AND RESULTS

To show how the suggested DSS can help with inocrgdbe efficiency of crane operation schedulirg, t
formulated optimization model is applied to a saengnstruction site layout in



Figure 2 with 6 material supply locations, 8 demdakw) locations, and one central tower crane. For
simplicity, the coordinates of the initial toweroe hook location are set {®,0,0) and the coordinates of material
and crew locations are provided in Table 1 basethat

Figure 2: Sample construction site layout

Table 1 - Coordinates of supply and demand location

Material Location Crew Location
(supply) (x.y.2) (demand) (x,y,2)
node o node
1 (76,-39,0) 1 (86,29,10)
2 (57,16,0) 2 (20,41,5)
3 (30,-39,0) 3 (6,29,3)
4 (0,-27,0) 4 (-40,30,12)
5 (-30,-32,0) 5 (-79,42,4)
6 (-55,1,0) 6 (-70,13,5)
7 (-77,-7,0)
8 (-72,-32,0)

Heavy-load 4000 HC 100 LIEBHERR tower crane’s véles (V, = 25 m/min, V, = 0.6 revolution/
min, andV, = 60 m/min) are used here in order to determine the “locattiavel time matrix” using the prediction
model described in the “problem formulation” senti@ andf3 are assumed to be 0.25 and 1, respectively based o
previous studies (Huang et al., 2011; Tam et &Q012 Zhang et al., 1999).is set to one assuming normal site
conditions (Huang et al., 2011). Job site requastsgenerated randomly using a uniform distributiBequest
travel time matrix is then developed using the fiocatravel time matrix combined with the generatequests. For
each set of requests, the model is run for 100stiméen, the mean and standard deviation of operdtne for
FIFO is compared to the optimal travel time basedhe proposed CSSP method. In FIFO, requestsulfiketl
based on “First-In-First-Out” concept. In this algom, no intelligence is involved and the cranem@gor processes
the requests based on the received order of requdst CSSP method optimizes the requests seqtenuaimize
the total travel time. To solve the proposed CIBRTLAB is coupled with CONCORDE, and the symmeffiSP
exact solver is used.

Table 2 compares the results obtained based orsubgested algorithm with FIFO scheduling. The
intelligence added to the requests’ processingkecs the optimal order of fulfillment results ion average, 27%
savings in operation time .The time saving increasi¢h higher number of requests. To evaluate idpa@ificance of
the optimized results compared to the FIFO approtieht-test has been performed and the signifeedeneel (p-
value) is calculated. The significance-level columrhe table shows that the results are signifigadifferent and
the null hypothesisir;ro = Hoptimar) Nas been rejected for all numbers of requestignlying the reliability of the
method in producing optimal results.



Table 2 - CSSP travel time compared with the tiawlil schedling algorithm
Order of fulfillment

Requests’ Time saving Silger\llizlc?n_ce
numbers  FlEQ (min)  Optimal (min.)  Percentage \,a|ue|;J
10 2794219 23+1.6 17% <107
20 53.6+29 42423 22% <107
30 79.5+ 3.9 60.5+ 3 24% <107
40 103.7 £3.9 779+ 3.2 25% <1075
50 1282 £5.2 955+ 4.2 25% <107
100 2509+79 181.2+5.3 28% <107
200 495.6 + 8.8 3514 +6.3 29% <107
300 730.5+13.8 512.5+10.2 30% <107
400 984.9 + 16.7 686.8 + 13.5 30% <107
500 1218.2 £ 16.7 845.7 + 14.3 31% <1075
1000 2392.7 £ 314 1632.1 + 11.6 32% <1075

CONCLUSION

In traditional crane scheduling, the operator echiarge superintendent plans the crane servicesatign
based on his/her personal judgment, which is stilbgdime-consuming, inefficient and does not guee optimal
operations. This study developed an optimizatiord@havhich can minimize the crane operation time aost.
This TSP-based optimization model can suggest d¢isé Ibcation sequence to the operator. Given tip@itance of
cranes as the backbone of construction operataptanal scheduling of crane operations not only thiasct cost
savings, but also results in indirect cost savingrinimizing the idle time of equipment and crewtbe job site as
well as the downstream delays in the job proceks. fime saving in this method is associated wislvetl time.
Thus, in situations where travel times are consioler; the resulting time saving in crane cyclagsificant. This is
often the case in high rise building constructibhe proposed method, however, has some simplifggsymptions
which can be addressed in future studies. Accéberaand deceleration are not considered in theetréme
prediction model. In addition, the proposed CSSRlehavorks with deterministic times, overlooking tstechastic
nature of travel times.
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