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Abstract— Collisions between moving machinery and human specifications that can be translated to low-level trajgeso
workers in construction job sites are one of the main sources |n contrast with these approaches, we used two represen-
of fatalities and accidents during the execution of constration tations commonly used in construction planning: Activity
projects. In this paper, we present a methodology to identif and - . . . .
assess construction project plan dangers before their exeton. Graphs and Dlscr_ete Event Simulations 'nSte"f‘d Qf Logic
Our methodology has the following steps: 1) Plans are tranated ~ Based representations such as LTL or PDDL. This will allow
from a high-level activity graph to a discrete event simulaion  us to evaluate our methodology in existing constructiompla
model; 2) Trajectories are simulated using sampling basedral  and will help close the gap between high-level plans and low
combinatorial motion planning algorithms; and 3) Safety sores level state trajectories.

and risk-based heatmaps are calculated based on the trajemties S tt ts h b dein th tructi
of moving equipment. Finally, we present an illustrative cae ome attempts have been made In the construction commu-

study to demonstrate the usability of our model. nity to incorporate motion planning algorithms in the arsey
of projects. In [28], [8] and [30] a modification of the RRT
algorithm for replanning of crane motions was used in real

Construction zones are a source of potential accidenggne along with positioning systems for simulation and safe
which include a significant loss of lives every year due tgurposes. However, these tools are intended only to capture
struck-by accidents involving moving machinery and worka small part of the activities in a construction project.
ers [1]. Recent data show that the percentage of struck-by|n this paper we focused on calculating the safety score
accidents constituted 17.6% of fatalities and seriousriieq'u for different construction p|an5 and Se|ecting the optima|
among construction workers [3]. During construction planplan. Different models are used to simulate the constractio
ning activities, safety managers and construction engsneesctivities ( [4], [29], [10]). However these tools are intienul
plan to minimize project timelines without taking safetydn mainly to provide graphical modeling [10]. We developed
consideration. The sequence of activities chosen in owler 4n automated system that can help planners to realize the
complete the project might not be the optimal one in terms afafety level of the planned activities at discrete times of a
safety measures. Therefore, we propose a model to invesstiggonstruction project at the pre-planning phase. Thesesidea
alternate job sequences to ensure better safety. can help managers re-plan a sequence of activities in order

In one stream of research, different studies (e.g., [211p reduce the chance of fatalites and injuries during a
have developed optimization-based methodologies fotysafeconstruction project.
assessment of construction site layouts. In another sttam  To our best knowledge, our approach is one of the first to
research, discrete event simulation has been adoptedier c@onsider using motion planning techniques to evaluatetysafe
struction planning [20]. The studies related to these Bteea scores or determine obstacle free trajectories for workeds
of research have two main limitations in terms of their usenoving equipment. The concrete contributions of our work
in safety planning: (1) lack of consideration of the impackre the following: 1) We generated a number of alternate
of the layout of construction jobsites on the spatio-terapor construction plans rather than the one that gives the mimimu
motion trajectories related to the workers and equipment, a project completion time; 2) We developed an activity and
(2) lack of consideration related to the dynamic changes ivent scheduler to simulate all the plans using discretateve
the layout of construction sites at different stages of gg@to  simulation and motion planning. A number of trajectories
schedule and the sequence of construction activities.dJsivere generated and coordinated to avoid collisions; 3) We
our predictive assessment, jobsite layout and sequencesdecomposed the layout of a construction site into a grid
activities could be evaluated during the planning phase 9 calculate the safety score. This enabled us to generate
identify the safestconstruction plan antiazardous zone®  heatmaps of the construction layout to identify dangerous
a construction jobsite. hotspots of a site at discrete times.

Our ideas are connected to approaches that use Linearrhe rest of the paper is organized as follows: Section
Temporal Logic, [5], [7], [13], [14], to create high-level || presents the preliminaries and the problem formulation.

M. Rahman, T. Carmenate, L. Bobadila and S. Zan_Section i !ntroduces algorithms to .tr.a.nsform a constarct
longo are with the School of Computing and Information P1an to a discrete event model. Activities are then schetlule
Sciences, Florida International ~ University, Miami, FL, 188, using a discrete event scheduler and safety is calculated
USA 1 a@{g ?ihu"oéﬁgt carnD02, szanl 001}@i u. edu  for the construction site. Section IV presents an illusteat

2A. Mostafavi is-with t-he OHL School of Construction, Floridlaterna- ~ C8S€ study of a construction site. Finally, conclusions and
tional University Miami, FL, 33199, USAal nost af @i u. edu directions for further research are discussed in Section V.
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[l. PRELIMINARIES C. Augmented Discrete Event System Specification

A. Activity Graph Each node of a high-level construction plan in activity
The Critical Path Method(CPM)[19] is widely used in graphis represented as akugmented Discrete Event System
construction projects to determine the minimum amount dbpecification (DEVS]27] model. This model is used along
time needed to complete a project. An activity graph is with geometric information from the construction site toge
type of CPM with no timing information. The activity graph, erate obstacle free paths and policies for moving bodiesh Ea
G =(V,€), is a directed acyclic graph. An edge,c £, node in theactivity graphis associated with an augmented
wheree = v — v'; v, € V is formed if and only ifv isa DEV.S model.
precondition of’. It is helpful to consider as a parent of’. The DEV S formalism proposed by [27] and detailed
The starting node se¥, C V, is a collection of nodes who in [24] and [25] is used to formalize discrete event simolati
have no incoming edges. Similarly, every node in the set &S an extension of finite state automata. An event scheduling
finish nodes); C V, have no outgoing edges. A sequencégnodel is a tuplegZS” for the activityv € V and is represented
of all nodes,P, conserving precedence constraints form &s:
construction plan ESY = (E*,Z°,EL", [, 7, 1), 3)

B. Construction Physical State Space whereZ¥ = XV x T is the subset of the states of the system.

Assume that a construction project takes place in a 2Bny activity in a construction site consists of a set of esent
world, W = R2. A nonempty set ophysical system state Thei" event is denoted by; and if there arg unique events,
spacesan be represented a§,= X x X2x... X, whichis We define the finite event set a&;’ = {n1,72,...,m¢}. The
a finite or countably infinite set aftates The set of a number event listEL” is defined byEL" = {(n1,t1), (n2,t2), ... }.
of initial static obstacles i€)(t) C W where the obstacle list, ~ The system starts at timg with starting statez;. The
O(t), is a time variant dynamic list, since new obstacles ma§ystem state is modified based on the current state and an
appear and old obstacles may disappear as the constructfyent of an activity:
project goes on. A construction project has a set of time FU 2 X BV = 7V, (4)
constrained objectives which are considered individual su z
components. To realize the abstraction of discretizatiem, In some caseg! is controlled by the availability of resources
define an index sef, = {1,2,...,.}. A sub index is defined (for example the amount of soil that needs to be excavated)
for an activity,v, asZ, C Z. Thus the system state is dividedand system time. The next event to be scheduled is controlled
into a number of sub-statel = x X7 wherej € Z, and Dby f, based on the current event and system state:
each setX’ C X,is assigned to some individual activity or FOEY X 20— B 5)
node,v € V, in the planning graph. K

A system stateg’ € X7, is composed from a number of  An activity is finished when the event lis;L?, becomes
parameters that describe a subproblem. The parametefs inempty and we schedule the next activity. Then we need to
can be configurations, orientations and velocities of mgvinextract the collision free trajectories #is,.. space knowing
bodies (such as trucks or cranes) as well as the amounttbg initial and goal configurations iX space.
resources used by an activity. Problem 1. Generation of collision free trajectories

A time attribute has to be introduced in order to aid theZ[0,1] — Z,.. for moving equipment through multilevel
scheduling of activities properly in a time varying diseret evaluations
event system. Théime varying state spacis the cartesian Given an initial configurationg;, a set of goal statesX,
productZ = X x T and a statez € Z, is denoted ag =  and the set of static obstacle8(t), attime,t, find a collision
(x,t). There are a number of moving bodies/equipment ifree trajectory,Z|0, 1], such thatZ(0) = z; and Z(1) € Z.
the s_ystem r.epresented .by the €¥ty). Considering both the D. Safety Evaluation for Different Plans
moving bodies and static obstacles, the obstacle statee spac i , , .

A safety scords associated to every node in a particular

is defined as, :
construction planpP = (vs,vz2,vs, ..., vys). To calculate the
Zovs = {(2,1) € Z|B(2) N O(t) # O} (1) safety score for individual plans, we evaluate the entigpl
and the free space is defined &c. = Z\ Zoss. An initial by 3|mulat|ng all the nodes. A safety score is defined as a
stateis defined asz; € Zy,.. and the set ofoal statesis  UNCtON: _
R:Z—10,1], (6)

defined asZq C Zgyee:

_ whereZ is the set of all trajectorie$) is the safest score and

Zo ={(wt) € Zlw € Xg,t € T} ) 1 is the most dangerous score for a plan. Therefore we can
A state time space7?, is assigned to an activity, where calculate the safety score for a plan based on the trajectory

Z¥ = XV xT. A particular time varying configuration,” €  paths.

Zv, of a sub problem ig¥ = (av,t). After simulating all Problem 2: Safety Evaluation B

the nodesy; € V, in a plan we generate a set of trajectoriesGiven a set of time variant system trajectories, calculate

Z|[0,1] — Z;re. by coupling discrete event simulations witha safety score for the plar?, in the closed interval range
low level motion planning techniques. [0, 1].
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Fig. 1. An example layout of a construction site. Excavatio concrete
pouring need to be done in two buildings. Yellow dotted liaes trajectories
of moving truck and crane’s hook.
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Fig. 2. System submodel interaction.

There is more than one start and finish activity. Two

dummy activitiesp, andvy, are added to the graph as starting

and final activities with a duration zero in order to create
Once the safety score is calculated for the alternate plafi§igle starting and finishing points for the plan (nodeand
we need to extract the optimal one which provides minimaf’ in Figure 3). By default; is labeled as/isited and is

completion times and optimal safety scores.
Problem 3: Mulicriteria Optimization Problem

Given a number of safety scores for several plans

the parentof all initial nodes,V, C V, while v; is thechild
of all the finishing activities)y C V.

P1,Ps ... P;, calculate the optimal plan which minimizes theAlgorithm 1 ActivityScheduler)

project’s finishing time while optimizing the safety score.

Q<+ 0

2: for i =1 to [P| do

IIl. METHODS 3:

An example site layout is shown in Figure 1, where agi

construction plan is needed to carry out two excavationg.
activities in Buildingl and Building?2 followed by concrete 7.
pouring activities. The system block diagram of our model 8
to extract the safest plan is shown in Figure 2. An activity 9:

. . . 10:
scheduler subsystem is responsible for generating ateerng, ;.

u < Pli]
if —u.ParentsVisited() then
EventScheduler(Q)
for all v € Q do
v.Visited < true
end for
Q<0
end if
Q.Insert(u)

sequence of activities and the other subsystems simulaie. end for

each sequence/plan to estimate the safety attributes. We wi

describe these shortly.
Definition 3.1: Moving equipment,3, do not affect the
safety of two sequential activities. The moving equipmen

Given P, produced by the topological sorting algorithm,
p\lgorithm 1 is used for scheduling the activities insighe

B* andBY of two parallel activitiesy andv, affect the safety A queue,, is initialized to hold the active (not yet sched-

of one another.

uled/visited) activities in Line 1. Line 2 startsfar loop to go

_ Definition 3.2: Static obstacleg)", generated by an activ- over all the activities, € P starting from indexi (remember
ity, u, have a succeeding effect on the safety score of all thg:tivity 0 is the dummy starting activity). Line 4 uses the

successor activities; € V, unless the obstacle built earlierparemwsited

is removed by some later activity.

() function to check whether all the parents of

Proposition 3.3:Different plans yield different safety the current activity have been scheduled. If not, the ditivi

scores.

Proof: Suppose we have two alternate plaRs.andPs,
from a graph,G. We choose two activities; and v, where
in plan Py, u is scheduled before, and in planP,, v is

in @ are scheduled by calling thEBventSchedule(Q) rou-
tine. It guarantees scheduling all parent nodes of the curre
node, because the nodes/hare organized in topological
order. The corresponding activity nodes are all séf ésted

scheduled before.. By definition 3.1 their safety score is from lines 6 to 8.Q) is flushed at line 9 to load the current
the same. However by definition 3.2 if the static obstaclegctivity. At line 11, the current activity node is loadeddnt

generated byu and v are not same, then the plans vyield
different safety scores. |

A. Plan Extraction from an Activity Graph

A topological sorting algorithm is used to extract all
possible valid plans. Given vertices, and a set of integer
index pairs, (i,j), of the nodes of the graphy, where
1 <1, 7 <n, the problem of topological sorting is to find a
permutationvy, vs, ..., v, such thati appears to the left of
j for all pairs (i, j) [12].

Fig. 3. An example activity graph of a construction site.



Q, whose parent nodes have already been scheduled.  Algorithm 2 EventScheduled)

B. Event Scheduling Using Augmented DEVS ; forEagvzfgag(;eDEvs(v)

A queue of actiites is received from the 3 =z, < initial state € ESz
ActivityScheduler routine. Each activity is a collection of ;‘f enﬁj%rF ((nt,0) :m} € EV)
events,n € E. All of the events inE are motion planning '

problems which have to be solved before going on to the?? qucl,? ;[,SF?JEQQ&X(EM #OV---V(BLig #0)] do
next event. 8: t¥ < min{t: (n,t) € EL"}

Algorithm 2 is used to simulate a number of nodes in the: n’ < {n:1" € (n,0)}
activity graph using ouaugmented DEV&nodel. In order 10 en:évf; MotionPlanner(n’, z,)

to carry out the simulation in line 2, we first create an even

i i ; X o (%1, 22,..., Zq|)  Coordination(Z1, T2, ..., T|q|)
scheduling modelZS, as defined earlier, for each node. Line 3. for all v € Q JO
3 extracts the initial state;, € Z¥ and line 4 takes the first 14: 2y < [2(1, 20)
event from the event set to populate the empty event list. Thes: Mhew < o (0 20)
while loop in line 6 is used for scheduling all the events from16: ELy  (ELy \ (1,8)) U (Mews t + Z0.t)

multiple activities. Thenin method in line 8 helps to extract g en%n\?vgﬁé

the immediate event’s time from the event list to be schetiule—

if more than one event is in the list. Consequently, line 9

provides the next event. Th&lotionPlanner() routine in o ; ; _ ij
line 10 generates a number of trajectori@s,, 72, . . . , Z|q|), \ICVhICh:ISlf(\)ermEd to yield'ops = Ui,j i#j Lobs:
each of which contains a sequence of configurations. Jree o

Therefore,

X s X At state (0,0,...,0) € I, all bodies are in their initial
Line 12 calls theC'oordination() routine to generate a set configurations,z; = #(0), and at statg(1,1,...,1) € T,

of collision-free-time-variant trajectoriesz1, 2, ..., 2g|): gl bodies are in their goal configurations. Any continuous
for each activity. Lines 13-16 are the updating steps of thﬁath h 1 0,1] = T free, for which h(0) = (0,0, ...,0) and
system states. On line 14 a new system stateis calculated 1) = (1,1,...,1) moves the bodies to their goal configu-
based on a currenF statg and event. St@téteeps track of rations [17]. We applied the* search algorithm [23] off to

the resources, conf|gu'rat|ons:tc' of moving bodies for each generate a pathj, avoiding robot-robot collisions. Moving

of the events along with other information.df € Zg, then  gija40nally along in T', moves all three bodies whose relative
the function f, in line 15 will generate aVull event. The ghae4s depend on the slope of the path. A body is allowed
routine stops when no activity generates any event other thf)0 move with constant speed or directed to remain stopped
Null. to yield the other bodies to pass by moving horizontally or
C. Motion Planner vertically in I [17]. We divide the pathp, into a number

The MotionPlanner() routine called in Line 10 of the ©F €qually spaced pointé = (O’hAhﬂAh’ .-, JAR) with

EventScheduler() routine works based on existing mo-X€d spacingAh, such asj = 5. Summation of times is

tion planning algorithms. Sampling based algorithms ”kgalculateq using velocit-ies in each step (e.g. _betvu@sérand
RRT [16] or PRM [11] can be applied to calculate the2Ah) to give the total time taken by the bodies to complete

trajectories,#, of the moving equipment. We used RRT to@ collision free path.
generate the paths. If an event in an activity has no motiok, Safety Model

then the trajectory is a simple pointin the configuratiorcgpa  We decompose the workspadé), into a grid composed

X [17]. Also in the case of a crane, it's hook can move ovesf § number of squares. A safety score is computed for each
an obstacle to pour concrete into it (see trajectory in Fgursquare. Together the safety scores of all the squares aea tim
1). t, contribute to the risk of the plan at that time. The safety
D. Coordination Space score fqr a square is inversely proportional to its distatoce
the moving equipment.

The_sequence of trajectories?,l,gzg,..-.,:E‘Q‘., eaqh of " Assume that the duration of a plaf®, is T where T
which is formed by a sequence of configurations, is genefs qivided into a number of discrete time poin —

Ty e ol Paner (o o Sl reoarioss o Ar e .y with e me nenvalsa, such s

activities which may run in parallel. Hence, the bodie$- | 4 We calculate the safety scores " discrete times of
lowi h may P lid ith h' bodi . Let R(g;,t) denote the score for squafeof the grid at

following the trapqpnes may collide wit t.e odies Oftime,t. Then the definition ofR(g;, ) is,

other parallel activities. Givenn moving bodies, anm-

dimensional coordination spacg,= [0, 1]™, is represented Qe 15] a
as a unit cube to schedule collision free paths for the moving Rgi,t) = Z Z d(g:, Be(t)) + 3 )
equipment [15]. Thei!" coordinate of' represents the J=0k=0

domain,I’; = [0, 1], of the pathZ;. Let ~; denote a point whered(.,.) is a distance function (such as tiiclidean
in I';. The pairwise robot-robot (body-body) obstacle regioistancg andQ; is the queue of activities at time Param-
is, I = {(v1,...,vm) € T|BY(Zi(v:)) N B (Zj(7;)) # 0} etersa and 3 are the scaling factors for a better score. The

obs



safety scores for the squares inside the obstacles (staticA Alternative Plans

dynamic) are, We used the Python programming language to implement

R(gi,t) = 1. @ a topological sorting algorithm as proposed in [26]. Three

Earlier we defined) as being the safest score in a plan an&llternate plans generated for the activity graph of Figure 3

1 as the most dangerous score for a plan. The average safaly’

score,rgriq ¢ t — [0,1], for a grid with § squares at time 1 = [EX1,CPL, EX2,CP2]

P, = [EX1,EX2,CP1,CP2]

is,
5 Ps = [EX2, EX1,CP1,CP2].
Taria(t) = iz R(girt) (9) 3= ]
gre 5 B. Activity Scheduling
Th_erefore the total safety Score;or, for a particular For the planP; = [EX1,CP1, EX2,CP2], the Activity
activity plan,P, averaged over is, Scheduler routine in Algorithm 1 load&X1 in Q as its
T parent, the dummy starting nod§, is Visited. During the
1 . . . ) . .
Foop = — ngTid(t)' (10) second |terat|on. pf the a}lgorlthm s'loop, it tr|es'to' load’1
W et whose precondition activityF X 1, is still not Visited. So

o EX1 is scheduled using Algorithm 2. Once the scheduling
We also calculate aggregated safety score over a time aixervls done, EX1 is marked ad/isited andCP1 is loaded into

[ti, 7], wheret;,t; € T. The safety score(g;) for a Q. EX2 is also loaded in the next iteration, since its pargnt

squarey; then is, has beeVisited. C P2 is not loaded sincé& X 2 has not been
ty R(gi,1) Visited. So, the two activities in the queugl’P1, EX?2),
t=t; 79 . . .
Tagg(9i) = — 1,5 (11) are simulated simultaneously using the event scheduler. In
Fo the final runC P2 is simulated.
F. Optimal Planning Model For the plan,P; = [EX1,EX2,CP1,CP2|, the activ-

We present the alternate job sequences with safety analyligs (EX1, £X2) are loaded first into) and simulated
attributes to planning managers who then carefully decid@9ether. ThenC'P1, CP2) are simulated. The plarRs; =
about a suitable plan according to project requirements, THEX 2, EX1, CP1, C'P2], can be simulated in a similar way.

safest plan is a partially ordered sequential plan which may piscrete Event Scheduling
take an undesirably long amount of time to finish a project. ) . . .
Therefore, we need a plan which optimizes both the risks A Python program W'th theS|mPy.S|muIat|on mod-
and finishing times by using task parallelism. Exact sohgio ule [2] was ,USEd to simulate the dls'crete event sched-
for multicriteria optimizations (often calleBareto Optimg  Ul€r of Algorithm 2. An event scheduling modek;S™ =

are NP-hard [6], so we focus on producing an approximat{eE’ 4 EL’_f”’f_Z’ZI}' for each activity is creqted. For
solution using our activity scheduler algorithm. The safet€¥@mple, in Figure 4(a) there are three possible repeat-

model then calculates the safety score over discrete tinfad €vents shown for the crane in charge of concrete

points. The acceptance of a plan, therefore is decided badd'"N9C P). These ard.oad(L), Rotate(RO) and Dump(D)
on the following criterion: For excavationf X)), shown in Figure 4(b), a dump truck

. in charge of carrying soil has four such statésmad(L),
« Average safety scorgj of a siteft = r4,; from (10)). Haul(H), Dump(D) and Return(R)

«» Standard deviation( of r4,;q over time. .
. . « Therefore, the set of events for concrete pouring is

If 1« ando both are low, this yields a very safe plan. ifis ECP — {L, RO, D} and the set of events for excavation
low but o is high, this is an acceptable plan. A plan with high & ppx — j{L h} D.R)
values of;, and low values ofr is a very risky plan. Plans NS
with high values ofu and high values of are also risky.
For projects with deadline constraints, project managars ¢
choose a higher safety scareeshold Below thatthreshold
a plan with high parallel activities is acceptable. If a piangy
manager wants to choose a specific period to be safer than
another, episodic safety scores during a specific inteisiagu
(11) can be computed.

« The stateZ, contains the configuration of all parameters
such asresources, interruption, deadlinetc.

IV. CASE STUDY

EX1andCP1 in the activity graph of Figure 3 denote the
excavation and concrete pouring activities in Building Han
vice versa. Nodes$ and F' are dummy nodes to hold starting
and final points.£X1 and EX?2 are two starting activities. (a) (b)

CP1 depends onZX1 while CP2 depends onZX2 and Fig. 4. (a)DEV S state transition model for the crane. (B)EV S state
CP1. transition model for the truck.




3D Coordination Space 3D Coordination Space

« The configuration of the dump truck &’ x S' while the
configuration for thenon-holonomid18] crane isRP?
as it can rotate withpitch andyaw, but noroll.

« An example state we use for the truck is, =
(Ttry Ytr, Otry News Tex» Lex ), @ND @N €xample state we use
for the crane isz = (021" 049 1oy Tepy tep)-

o An example event transition for the dump truck is,

EX(L,z) = H, as hauling is carried out after loading. Y e
Similarly, the crane starts rotating once it is loaded with
concrete,ffP(L, 2) = RO (.S.ee Figure 4). . . Fig. 6. Coordination space for robots from two differentwiieg angle.

o An example state transition for an excavation iSpiue regions are obstacle areBsy,. Red line is the collision free pa%
PEX(L,2) = (ape i, 05 Horeg =1 teq + 1),

(xew yprew gpev) is the new configuration of the truck.

The constant;’ € N, denotes the units of soil/resources N
consumed per iteration antle R0 is calculated from combinations oftruckl-truck2, truckl-worker and truck2-

a Coordination function as described previously. worker. The cor.mnuous. red patfh, is computed using an
A* search algorithm which connects the point from the initial
D. Motion Planning and Coordination configuration,(0, 0, 0), to the goal configuratior(1, 1, 1).

We used the Motion Strategy Library (MSL) [9] to generat
trajectories of moving equipment for different activiti€ee
Figure 5(a)). Two trucks, colored red and green, from simul- We used Python to implement our safety model. It was
taneous activite§ FX1, EX?2) are shown moving around mentioned earlier that the construction site is decomposed
the two building sites in Figure 5(a). Sample trajectoriesnto a grid to calculate the safety score for individual sgsa
%1, Z2(colored blue and green), of the trucks are shown iin the grid. A safety score for each square was calculated in
Figure 5(b). Trucks have differential constraints. Sugpibe the rang€o, 1] using equations (7) and (8). Sample heatmaps
speed of the truck and steering angle are specified by theere generated for the parallel activitié& X1, EX2) at
actionsu, andu, respectively. The transition equation fordifferent times where two dump trucks are moving as shown

0.0

E. Safety Evaluation

two consecutive configurations is;, = uscos by, iy = in Figure 7. The green colored regions are the safest and
Ug Sin Oy, By = %= tanug [17], whereL is the length of the red regions are the most dangerous. Other colors, ranging
truck. from green to red, were applied based on safety scores.

The red trajectory in Figure 5(b) is the path of a movinglhe heatmaps give construction planning managers a detaile
worker. Generalized Voronoi diagramsvere used in our representation about the construction jobsite risks the,
previous work [22] to calculate the safest paths for workerBotspots on the heatmaps) at discrete times.
while avoiding static obstacles. We added a worker trajgcto Heatmaps based on aggregated safety scores(using 11)
from a Voronoi diagram roadmagor a moving worker to are shown in Figure 8 for two different sub-activities:
create a three robot problem. A trajectory for the crane’ € P1EX2 and CP1CP2. Aggregated scores,,,, for in-
hook was generated by taking the arc of a circle centered @ividual squares are calculated using (11) to give a concise
the base of the crane that goes through the initial and goajpisodic risk visualization in different areas of the comst
configurations of the hook. tion site.

The coordination space for the three moving bodies is . ]
shown in Figure 6. For better visual understanding we ptesely Optimal Plan Extraction
the 3D image from two different viewing angles. Blue regions Two plans,?; and P,, were evaluated and the following
comprise collision configurationd, s, for three possible table is the result of the averages and standard deviations o

safety scores for the entire life of the construction plan.

— Robot: 0
Robot: 1
— Robot: 2

() (t;)

Fig. 5. (a) Two trucks in MSL library colored red and green ingvaround
pink excavation areas (b) Trajectories generated by the Mt8ary (blue
and green). Red trajectory was added to simulate moving erork Fig. 7. Sample heatmap snapshots/frames during time (a)(bF@=125.

(b)
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3
[4]
(a) (b) -
Fig. 8. Aggregated heatmaps (using 11) for the activitigsCRLEX2; (b)
CP1CP2.
(6]
Plan M o 7
P1 0.16 | 0.024
P, | 0.17| 0.014 8]

According to our heuristics from section IlI-FR; is the
better plan as it has low average and standard deviatioesalu g
compared to plariP,. But using the heatmaps and aggregate[iol
scores,rq44, the planning manager can choose alternative
plans based on the construction project requirements. He daH
also take into account the partial safety scores and théysafe
scores at a grid level granularity. If the project has a tightz)
deadline, then the safety threshold can be used for acdeptab
results. [13]

V. CONCLUSIONS ANDFUTURE WORK [14]

In this work, we developed an easily implementable
methodology to minimize the risk of struck-by accidentd!®
in construction jobsites. Given an initial activity grapyr
model extracts different sequences of activities, coswbgm
to discrete event models and simulate them using discrete
event scheduler algorithms. Motion planning methodolegi€g17]
generate the collision free trajectories for the movingiesd [18]
A proactive safety visualization is provided during prepla
ning phase using heatmaps which effectively distinguisheso)
among the safe and dangerous places in a construction site.

The model presented can be used for most constructifo]
activities to carry out simulation and safety metrics thget [21]
The formalism presented in the paper provides measurem t]
metrics to construction project managers, such as safety
scores and time spent by a trajectory. Based on this measure,
the safety policy and guidelines can be calculated for wisrke[23]
in a construction site. [24]

One immediate extension of our work is to take int 5]
account the stochastic nature of construction jobsites. We
assumed that the motions performed by the moving obstaclg€!
were deterministic, so in the future we plan to incorporate
models that include bounded and probabilistic uncertainty

Finally, we evaluated two commonly performed construck28]
tion tasks: excavation and concrete pouring. We will extend
this work to evaluate our methodology using information fof29]
larger construction projects involving different actieg with
large equipment fleets and a large number of workers.
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