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Abstract: The Automated Guided Vehicles (or AGVs for
short) have become an important option in the doeta
handling process. We present a parallel simulasigsiem
for the study of AGV routing schemes. We model AligV
system based on tme-driven approach and execute the
model on an efficient simulation engine implementad
using Cilk, a parallel programming language devetbpt
MIT. We will elaborate on the AGV routing algoritisnand
traffic control scheme and propose a deadlock-fteeen-
tralized routing scheme. The performance resultshef
scheme are also documented.

Keywords
decentralized routing algorithrtime-driven, AGV.

1 Introduction

For the past five years, the businesses associated
the port of Singapore and shipping industries heamned
billions of dollars for the country. Clearly, therntainer
ports play an essential role in the national econand it is
important to streamline the container operatiomsugh 1T
and automation.

To improve its quality of services, the port iscaton-
tinually upgraded with newer types of facilitiesdaequip-
ment. For port design and analysis, it is extrenusigful to
develop complete models and evaluate differentoopti
through comprehensive simulations. Such simulatips

els for various port scenarios can facilitate penfance
analysis, study of system behavior, optimizationl &m-
provement of all aspects of the system.

1.1 Organization of the Paper

Section 2 briefly introduces the time-driven sintida
engine in our system.

Section 3 presents how we model our time-driven
AGYV simulation application based on the engine.
Section 4 describes a decentralized deadlock-f@¥ A
routing algorithm and traffic control scheme; therp
formance result obtained is also summarized.

Section 5 summarizes our work and findings.

2 A Parallel Simulation Engine

Our simulation engine is developed by using an-algo
rithmic, multi-threaded parallel language, Cilk,vdmped
at MIT [1,7,8]. The Cilk model is able to provideet pro-
grammer an algorithmic model of performance guamnt
[2,3,1,5].

A simulation model can be viewed as a represematio
of the physical system under simulation. It carclssified
into the continuous-state model and the discrettst
model [4]. The discrete simulation can further kessified
to time-driven simulation andevent-driven simulation ac-
cording to how the simulation time advances. Beeahs
event-driven approach is more suitable for dealing with

tem will be used to evaluate the container opematichighly asynchronous scenarios, we adopt tihe-driven

schemes in terms of efficiency, cost, and resoutdiza-
tion.

In our study, the container operations are segeegat

into the following aspects for managing the comjtiex of
the processes at the port.

Scheduling of the port operations. This involves th
decision of transferring containers from the vessel
the stacking areas and vice versa, from the stgckin
eas to other stacking areas and from vessels seiges
The allocation of the stacking areas, the selectibn
the scheduling policy of container transfer, anel sb-
lection of the vehicles for routing the containers.
Various traffic control schemes.

In this paper, we will concentrate on the second an

the third aspects. The statistics collected in gimulation
would give useful information to both the routeday de-
signers and the AGV routing algorithm designerser€h
fore, it should be clear that comprehensive sinutatnod-

one here which is proven later more efficient for pur-
pose.

In the time-driven discrete smulation (sometimes also
referred to as the unit time approach), the simaraime is
incremented by a constant time siepThe time step is
largely application specific. Maintaining the acacy of
the simulation generally requires a smaliewhile running
the simulation efficiently requires a larger valfeA. The
algorithm we adopt for it comprises a number oflesc
where all components synchronize at the transitiboy-
cles. In the algorithm, the-th cycle corresponds to thmeth
time step of the simulation. Within each cycle, siates of
all components during the time interval will be siated.

In summary, this algorithm is synchronous in thesge
that it comprises a number of cycles where all gssors
need to synchronize at the transition of cycles.



3 Modeling AGV System

Decentralized AGV Routing Algorithms
In a decentralized routing algorithm, every vehicle

As noted, dime-driven discrete simulation progressesmayes the routing decision by itself. After the teahcon-

in a stepped fashion. A constant size of the titep 4 is
properly chosen here to be a small quantity to adeahe

simulation. In the % time step, the behavior of each com

ponent within the time interval [@y] will be simulated; in
general, the behavior of each component within tihe
interval [(n — 1)A, n A] will be simulated in the n-th step.

In a discrete simulation system, the simulation etod

troller assigns a pickup/drop-off job to a vehidtehas to
route itself from its current position to an origm pick up
‘a box and then to a destination to drop off the. Iirce
vehicles do not have the information about the aléraf-
fic situation, sometimes congestion or even de&slonay
occur. Therefore, deadlock detection mechanismsrere
quired for the system and there must be solutiohsrw

is decomposed into a number of submodels or conmi®ne je4qiocks do occur. Besides, the route traveleal wshicle
(in space domain). Each component is assigned iaalog may not be an optimal one, e.g. shortest distanchort-
process (LP), where several LPs may be run ondh&es .qitime path.

processor.
In our AGV simulation system:
« each AGV corresponds to an LP; and

The centralized scheme has many advantages: Because

the controller has a global view of the traffic daions,
efficient collision-prevention, congestion-preventi and

* the set of tiles is a shared resource accessible §¥adiock-prevention algorithms can be formulateding

all AGVs.

continuous communications between the central obthetr

In system, the tracks on which the AGVs travel argngd the AGV, the central controller can monitor shatus

partitioned into a number of “tiles”. The size diettiles
corresponds to the range of sensors attached taG@wein
the real-life scenario. Only one AGV can occupyla at
any instant of time. Within each time step, an A@G¥., an
LP) locates the next adjacent tile and attemptadwe into
it. Conflicts arising from more than one AGV atteing to
move into the same tile are resolved by enforcixgusive

of AGVs at all times and provide detailed error szEges
and statistics for routing decision.

However, despite all the potential benefits, tha-ce
tralized scheme generally suffers from the high pota-
tion/communication load on the controller. As auteshe
computational cost and response time will incregreatly
as the size of the path network and/or the veHlekt in-

access to the tile resourcay. 1 illustrates the actions taken creases. Another disadvantage of the centralizkdnse is

by each AGV within each time step.

v

Locate the next
adjacent tile
according to a
routing scheme

v @

Yes

Move to the
tile

Fig. 1 Operations performed by each AGV with time-diven discrete
simulation

4 AGV Routing and Traffic Control
Schemes

By nature, AGV systems are concurrent (parallel a

distributed) systems. Therefore, we will addresstaie
distributed routing issues of AGVs.

Two types of AGV routing are generally identified:4.1.1

centralized routing algorithms and decentralizedtiny
algorithms [6,11,9,13]. They both have their meatsd
demerits.
Centralized AGV Routing Algorithms

The Centralized routing algorithms are usually dddp
in systems with centralized control mechanisms. ek-c
tralized routing algorithm can compute the route &m
AGV when it is dispatched to serve a new pickuppeotf
job. In this case, a vehicle simply follows the ting in-
structions given by the central controller withaodking a
decision itself at any points such as junctions.

the high vulnerability from a single point of faiea Once a
route decision is made and a vehicle is on its vilafor
some reason it fails to meet its scheduled arrivaldepar-
tures, then the routing plan becomes invalidatadaddi-
tion, the system may be less fault-tolerant, bexdle en-
tire system breaks down if the host computer fails.

4.1 A Decentralized Algorithm

In our system, a simple decentralized routing allgor
is adopted. That is, on a mesh layout, the AGV mitino-
tonically decrease the distance from its currersitipm to
destination. At the junction of pathways, the AGMWays
chooses to move along the vertical direction fihstother
words, it is a “Shortest Path, Row-First” algorithbrack-
ing global information, the algorithm may lead raffic
congestion and even deadlocks in the system. Tdveref
we will use auxiliary mechanisms e.g. traffic cohtr
schemes to help reduce congestion and resolve aidad|

s mentioned earlier, those control schemes arekéye

components in the system, and they should be dediead
or at least partially decentralized.

Congestion Control and Deadlock Preven-
tion

The algorithm described earlier takes only the kogy
into account but not the traffic load. When too m&GVs
are present in an area and there are insufficiestto hold
all of them, congestion will arise. Adding mores§l may
help up to a point. However, the solution is natlsable as
the space is normally a premium at port.

Here, we applyhe admission control idea from the con-
gestion control in computer networks [10]. The vehtal-
pology is divided into a set of zones. We alsortea

thresholdThresholdZone X for each zone according to its



Randomly Pick Up an Unmoved AGV

Following the its request,
links the AGVs to a queue
until an empty tile or a moved
AGV ahead is found, or a
loop detected

Is there any loop i
the AGVs queue?

Yes

Is therea
moved AGV
ahead?

Rotates the circle
and blocks any
other AGVs, sets
their moved flags

Yes
v

Blocks any AGV in
the queue and sets
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There must be an
empty tile ahead

No-—»

Let each AGV in the
queue move
forward one step
and sets their
moved flags

Is there any
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No

ves i
v

End of phase 2

Fig. 2 Flow chart of the Centralized Algorithm

capacity and use a variabMumofAGVze x t0 trace
the current number of AGVs in a zone. That infoliorais
available to each zone controller. If a cross-zmoeement
is involved, meaning an AGV attempts to move frone o
zone to another zone (for example, from ZoneA toeR),
it must obey the following three rules:

1. If NumofAGVzone g < Thresholdzgne g, it is free to enter
Zoneg ;

2. If NUrTDfAGVZone_B > ThreShOleOhe_B, while
NUrTDfAGVZone_A / Threshol dZone_A > NUrﬂOfAGVZOne_B/
Thresholdzene g, it is still free for AGV moving from
Zoney to Zoneg

3. Otherwise this AGV irZone, is forbidden from enter-
ing Zoneg.

By the rules, the number of AGVs permitted in aegiv
zone at a time is limited and the traffic of a givane will
not exceed a controlled level. As a result, the AGWI be
distributed more evenly on the overall layout. Tgreb-
ability of deadlock within the zone is thereforegtly re-

cyclic deadlocks in our lanes warigli-

rectional.

system where all

North North

lane

AGV 2

AGV 1 Al

lane

West East

West
A\ \
Junction

South

South

Fig. 3 Two Cycle-Deadlock Cases

For example, irFig. Ya), a deadlock occurs because
AGV 1 intends to go east, while AGV 2 intends tou@o
south and AGV 3 intends west and so on. The dekdiac
be resolved by instructing each AGV in the cyclartove
forward simultaneously. However, since each AGV has
global information about the current traffic, theadlock
occurs and AGVs are blocked by each other in aicycl
fashion. Therefore, we need to detect deadlocksesualve

duced. The scheme used in the zoning and the ticeshihem.

value of the number of AGVs within each zone are tw

important control parameters in this technique. dse
junctions are the most likely places where deadiamcur,
it is intuitive to divide the map with regards tongtions.
Specifically, each zone contains one junction, wilie
junction centered in each zone. The following ietatis
used to determine the threshold number of AGV<pee:

Thresholdzone x = T (Co&fz0ne x » NUMOFTil€z0ne x),

Here, first we will describe a centralized deadlock
resolution algorithm. By analysing those two deaklo
cases, we can detect them by using a simple meSoeh.
cifically, our work is to look for cycles in a docted graph
and let each AGV in the cycle advance one stepini-o
plement this scheme, each time step is furtheddiiinto
two phases. In Phase 1, each AGV will locate éstad-
jacent tile according to the “Shortest Path, RovstFirule.

WhereCoefzme x represents the congestion level of a giveAfter working out the result, the AGV will only sdra re-
zone. It depends on the general traffic of the fioncin the ~quest or inquiry to that tile instead of checkimgianoving

zone; NumofTilesne x denotes the number of tiles (spacesyto it at once (as done in our first version) Phase 2, the
within the zone. central controller will check the AGVs’ requestsge and
. . make decisions for every AGV. The flow charg. 2 de-

4.1.2 Traffic Conduction and Deadlock Resolu- scribes the algorithm in Phase 2.

tion With the above two-phase algorithm, which we named
Centralized deadlock resolution algorithm the Queue-Checking Algorithm, now we are able tal de

The zone control scheme by itself is not adequate tith the first three cases iiy. 5.

prevent the deadlock from occurring. The two figure

Error! Reference source not found.show two cases of



For each AGYV

No

i enquiries

Sets itself moved

Sends an enquiry
to the AGYV ahead

answer, pust the
answer into its
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Sets all AGVs i
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all of them
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Sets all of AGVs in the
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step and blocks others

s the tile ahead

- Yes
available?

No Sets the AGVs in
the ed

that tile is occupied by
another AGYV

Fig. 4 Flow chart for the Decentralized algorithm

As for the fourth case, because we can only get one; 3
target tile for each AGV at a time by our routifgaithm, '
this situation will not occur in our system. In &dth, al-
though the first case is not an actual deadlockijlitcause In order to make sure that any AGV will eventuajbt
unnecessary delays. We can eliminate the delays no 10 its destination, we also imposed a priority soeeand
short, we could ensure that we are able to cope aity iMplemented an auxiliary mechanism.
cyclic deadlocks or similar cases that may occuoim 1. An AGV with more blocked time will be granted a
system. higher priority.

2. The increment of priority is randomized to reduce

Priority Scheme and Other Auxiliary
Mechanism

1
> - g HER—_ mutual competition recurrence.

1 ST S S e 3. An AGV with higher priority will always take prece-
3 o Yoo, L oo v s dence over a lower one when both of them try toenov
' R ACTEICENS N into a same space.

: o A St 4. Atie is broken randomly when two AGVs with a same
cAsE 1 cAsE 2 "onses ' e priority com'pete for a tile. _ o

open queue cycle cycle & tail 5. An AGV will be restored to ordinary priority upon

completing a task.
Firstly, every time when we assign a task to an AGV
Decentralized deadlock resolution algorithm we will also calculate the minimum simulation steps

Based on this centralized algorithm, we further deSteps.i, needed for this AGV to move from its source to its
velop a partially decentralized version. The kegaids to destination. We define a valu® Stepsyi, for each AGV. If
allow communications among AGVs. after that value of simulation steps, the AGV dlifles not

The partially decentralized algorithm consists wbt get to its destination, we will assume it has bésthn a
phases as well with identical Phase 1 for the tlgm-a deadlock. Then, we will promote its priority. An AGwith
rithms. In Phase 2, however, each AGV will colleetffic  higher priority will prevail in the competition witthe other
information by communicating with the other AGVsalso AGVs with lower priority; furthermore, the AGV witthe
checks the AGVs queue and detects cycles basedheon highest priority even can enter a zone without coning
collected information; then it makes decisions déach of to the zone control rules. The real worst caselismthere
AGVs at the head of the queue. The flow chart efdalyo- are two AGVs that somehow gain the highest prioaityl
rithm is described imrig. 4 which is similar to the one seencompete against each other repeatedly! This sceman
earlier. be avoided by the randomization rule. A point tdenis

At any time, an AGV will always return the latesttd that the priority scheme is only applicable to twempeti-
collected by it to its enquirers. Although therenisich re- tion case where there are free spaces. The AGV witén
dundant computation involved (as each AGV's dedaisiothe highest priority still cannot move into a titeat is cur-
may be repeatedly computed by several AGVs pregeitlin rently occupied by another.
in the queue), they also ensure a degree of faleltance. Secondly, if an AGV is blocked for some reasonhat t
same position for more than a certain number ofikition
steps, we assume that there may be a deadlociCtose-

Fig. 5 Cycle Cases



quently, we will make the AGV go along another mite
tive. For example, iFig. 3a), if AGV 1 is the one who
waited the longest, then after a certain numbesimiula-
tion steps, it will try to go north instead of edsbr AGV 1,
even though the bypass may not be the shortestavag-
proach the destination, at least the deadlockeajuhction

cess its next tile, which is just like a philosopthelding
one fork or knife and wanting to have access ofnagt
one. If the AGVs all hold up their tiles, all ofeim will
suffer from the so-called “starvation”.

The difference between the two problems is that the
philosopher needs both forks at a time and wilkask

can now be resolved. Because each lane in our fagou them after operations, while our AGV only needs et

unidirectional, AGV 1 can move north unless thereai-
other deadlock at the north junction and the Laiefilled

with AGVs all lined up. There are at least two wags
solve this problem. One is that if one of the fBBVs can
move out of the current position, the deadlockeisotved.
Therefore, we can make another AGV, say, AGV Ao
pass the junction. If, at a junction, all four AG\&terna-
tive routes are blocked, then deadlocks at therqtivec-

tions will have to be resolved first. Once the adja
deadlock is resolved, this deadlock is resolved too

However, subject to the monotonicity of the routing

discipline (our routing algorithm), the bypassingeris not
applied to the AGVs with the highest priority.

4.1.4 Deadlock-Free Algorithm

First of all, we have the following three premises:
1. All lanes are unidirectional and only the tilegatc-
tions have two exits and two entries.
2. AGVs will keep moving if they are not blocked, usde
they are loading or unloading.
An AGV will not stay in one zone forever. That mean
it will try to move out of a zone sooner or later.

These premises are reasonable assumptions for AG i

used in a container terminal. With these premiseswill
prove that our scheme is deadlock-free. First, lassify
deadlocks in our system into two types. The figgtet is
called adtill deadlock in which an AGV blocks for some
reason and cannot move any more. This type ofldelad
however, will not occur with our scheme for theldaling
two reasons. With Premise 2, if an AGV is not bledky
another AGV, it will keep moving. While even if gets
blocked, the AGV still can move forward or justheld for
a bounded number of steps in any case with Quele-
Checking) algorithm and priority scheme.

North
/ destination track of an AGV

Y
Y Bl
|

track of an AGV 1 track of an AGV 2

West East

Ny
Y

zone 1 zone 2

o
I
|

.

zone A \ zone B
acycle of AGVs

Case B

South
Case A

Fig. 6 Livelocks

The second type of deadlocks, called livelocksdse
intriguing. If an AGV is still moving, it cannot gpoach its
destination anyhow as shownfi. 6 or other similar ways.

Our Queue-Checking Algorithm is able to cope with
these deadlock problems. Actually, such problem lsan
reduced to the famous “dining Philosophers Probj&&j;
with an AGV corresponding to a philosopher whilgl@to
a fork or a knife. The AGV holds one tile and ne&usc-

tile and will release the old one as soon as irsrithe new
tile. Moreover, while a philosopher will eventuallglease
all of his resources, an AGV occupies one tilerat me.
Therefore, our proof should be a little differembt

As discussed earlier, if the AGVs are blocked fow t
long time, the priority scheme will take effect atioe
AGV'’s priorities will be promoted to a higher levéelhe
AGV with the highest priority could run without gebting
to the congestion control rules presented earlier.
requesti™® _— AGv4
&, =2 Rl

Fig. 7 AGVs’ Dining Philosopher Problem

To prove that our routing scheme is deadlock-fre,
assify the possible blocking scenarios into types and
ow them to be all resolvable.

» Case 1: the Closed Interlock:

1 a queue of

" AGVs

A

Fig. 8 Closed Interlock

In this scenario, several queues of AGVs are bldcke
by each other in a cyclic fashion. With our quebeeaking
algorithm, the cycle can be detected and hencehall
AGVs in the cycle will be able to advance (disr&tjag
their priorities). Therefore, the cycle will not Ildoup any
AGVs within it. Therefore, by our Premise 3 and the
monotonicity of the routing discipline, as long tmese
AGVs are keeping moving, some of them will try tova
out of this cycle after a definite number of tinteps. With
our Priority Rule 3,4, they will successfully mowet of the
cycle sooner or later, so the cycle cannot peiwisier.

e Case 2: the Open Interlock:

a queue of
AGVs

. the head of
queue v
aqueue of -
AGVs A 4

'\
. the head of
queue

Fig. 9 Open Interlock



In this case, it should be clear that the headhef t Yuli Zhou. Cilk: an efficient multithreaded runtinsystem.

waiting queues can rightly or eventually move alang
tended direction. As a result, the other AGVs ia Waiting
gueues could advance themselves too after a céirtan

In either case, none of the AGVs will be blocked fo
ever with our queue-checking algorithm. Therefones
conclude that our algorithm is deadlock-free.
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Fig. 10 Performance Comparison Charts

5 Conclusions

This project arises from the need to improve cowmtai
operations by providing a higher level of servidesugh
efficient planning and management of port faciditiéVe
have presented an efficient model for the AGV satiah
system based on a simulation engine implementadsing
Cilk. Given this model, we have designed and im@etad
a deadlock-free decentralized AGV routing algoritand
traffic control scheme. We have also proven thatemt-
ness of our algorithm. For future work, it will Ip@ost use-
ful to incorporate AGV scheduling algorithms forrfeem-
ance study.
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