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for a resource held by Pa, and so on, with Pn.1
waiting for a resource held by Pn, while finally Pn is
waiting for release of a resource by Pi. (Circular
wait is known as gridlock in New York City.) The
first three conditions appear to be “common sense“,
while the fourth is often overlooked due to the large
number of possible cycles which may occur in such
systems; thus, deadlocks have actually been reported
in existing FMS [2] under certain conditions.

Abstract
The flow of multiple concurrent jobs in an automated
manufacturing system (AMS), all competing for a
finite set of resources, often leads to a deadlock situation. In this paper, we develop Petri net and Markov
chain models for manufacturing systems with blocking and deadlock. We compute the probability that
the system in an absorbing (deadlocked) state, the
mean time to deadlock, and the throughput before
deadlock, etc., which can be used to compare performance of various prevention and avoidance strateges. A systematic method for designing locks and
interlocks for deadlock avoidance using the reachability graph of the Petri net model is presented.
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The principle of deadlock prevention is easy: falsify
one of the above conditions! Existing algorithms for
deadlock prevention, however, often lead to conservative solutions which reduce throughput during
normal operation in order to avoid deadlock under
abnormal conditions that are seldom experienced.
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Deadlocks and Deadlock PreventJ’vlanufacturinp. Svstems

A Simde Exam& of Deadlock and Deadlock
Avoidance

Deadlock [ 11 represent a highly undesirable phenomenon of resource sharing in concurrent systems.
A deadlock is a situation where each of a set of two or
more jobs keeps waiting indefinitely for the other jobs
in the set to release resources. In the context of flexible manufacturing systems (FMS’s),jobs are associated with the completion of the sequence of steps
required t o manufacture a part or batch of parts.
Resources refer to machines, buffers, fixtures, etc.,
several of which may be required a t each stage of
production. Deadlocks may arise as the final state of
a complex sequence of operations on concurrent jobs
passing through a system, and are thus generally
difficult to predict. Deadlocks ultimately result, however, in zero throughput. In an improperly designed
AMS, the only remedy for deadlock may be manual
clearing of buffers or machines, and restart of the
system from an initial condition which is known to
produce deadlock-free operation under nominal
production conditions. Both the lost production and
the labor cost in resetting the system in this way can
be avoided by proper design.

To visualize an example of a deadlock in a manufacturing system, consider a transfer line comprising
two machines, m i and ma, and an automated guided
vehicle (AGV), shown in Figure 1. Assume that a
given part undergoes manufacturing operations in
the following sequence:

(i)

A frgsh part, say p, enters the system when mi
is free;

(ii) after the machining by m i is complete, the
AGV picks $p p and delivers it to m2 if m2 is
free, otherwise the part waits for the AGV;
(iii) when m2 finishes processing p, the AGV
unloads the part from the system.
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Necessary conditions for deadlock t o occur are
known: (1) Mutual exclusion -- a resource cannot be
used simultaneously by two or more parts; (2) No preemption -- jobs hold onto resources until they finish
with them; (3) Hold and wait -- jobs hold onto
resources while waiting for additional resources t o
become available; and (4) Circular wait -- there exists
a set of parts (Pi, P2, ..., Pn) such that Pi is waiting

Figure 1: A simple transfer line with two machines
and an AGV
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Now, imagine the following sequence of events, starting with an initial state in which m i and m2 are both
free and the AGV is available:

(i)

A fresh part, say pi, enters the system, gets
processed by m i and is delivered a t m2 by the
AGV. m2 starts processing pi.

(ii) A second part, say p2, enters the system, gets
processed by mi, is put on the AGV and transported to ma, but the part waits on theAGV
since ma is busy.
(iii) A third part, p3, enters thesystem and gets
processed by mi. Meanwhile, m2 finishes processing pi.
At this stage, m l is blocked because the AGV is not
available; the AGV will not become available unless
m2 is free; but m2 cannot be free until the AGV is
available. This is a deadlock, and the whole system
comes to a standstill as shown by the event sequence
diagram in Figure 2.
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Figure 3: State Diagram

I

Blocked

I

1
,

ipart 1:

I

'' I

Blocked

I

!
d
l

1

Blocked

I
I
I

DE~L~CK
mum here

Figure 2: An Event Sequence Diagram showing a
sequence leading to a deadlock
A state diagram for this example can be derived. Let
the state of the system be denoted by (MI, Ma, AGV),
where Mi E (B,I,X) is the state set of m l and
M2 E B,I,X) is the state set of m2. Here B represents
"busy", I represents "idle", and X represents
"blocked". The state set of the AGV is AGV = (B,I,X,
T,U) where T represents "transport" of a part from
m l to m2 and U represents "unloading" of a part
from m2 to the unloading station. From the transition diagram in Figure 3, it is seen that blocking corresponds to the existence of an absorbing (or trap)
state in the diagram, labelled (X,X,X).

N
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figure 4: Recovery from Deadlock
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Another solution is to use two AGV's, removing the
resource contention; this solution would preserve
throughput.

One approach t o deadlock avoidance is resource
scheduling. By examining the transitions labelled 1
and 2 in Figure 3, it is seen that a control rule which
keeps mi idle when the AGV is transporting (state
TI, and keeps the AGV idle (state I) when M2 is busy
would prevent these transitions from occurring, and
thus prevent the system from entering the
deadlocked state. This solution avoids deadlock by
reducing throughput under certain conditions.

An augmentation of the state diagram, Figure 4,
illustrates recovery from deadlock. Here, the state
(X,I,X) is added by the possibility of freeing m2, while
the state (X,X,I) is made possible by removing a part
from the AGV. Either of these possibilities could be
realized by adding a buffer resource.
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Table 1: Definition of Places and Transitions
corresponding to Figure 5

Petri Net Mode1s and Deadlock DeteBy evaluating the reachability graph of a Petri net
model of an AMS, sequences of events which lead to
deadlocks can be identified [3], [41. These sequences
of events can be detected, and can be prevented from
completing, by using resource scheduling as in the
example above. This process is illustrated by
continuing with the analysis of the example in
Figure 1.

€!la€&
At least one raw part waiting for processing by

M1
MI idle

M Iprocessing a part
M 1waiting for AGV, after finishing
processing

A Generalized Stochastic Petri Net (GSPN) for this
two-machine system is shown in Figure 5. The
places and transitions of the the model are defined in
Table 1.

AGV transporting a part, from MI to Mz
AGV waiting for M,, after bringing a part to Mz

Mz idle
AGV idle

M2 processing a part
M, waiting for AGV, after finishing processing
AGV transporting a part from M2 to unload
station

Mi starts processing a part
Processing of a part by MI
AGV starts transporting a part from from

Mi

Mz

Travelling of AGV from M lto Mz

Mz starts processing a part
Processing of a part by MZ
AGV starts transporting a part from M2 to
unload station
Travelling of AGV from
station

M2to unload

Immediate transitions
$,&, g,t,

: Exponential transitions

The reachability graph for this GSPN model can be
constructed by standard means. It has 8 vanishing
markings and 14 tangible markings. The marking
( ~ ~ p ~ pfor~ instance,
p ~ ~ ) ,corresponds to a deadlock
since none of the transitions of the GSPN model is
enabled in the marking. This corresponds to the
absorbing state of the state machine model of
Figure 2. By doing an extensive path analysis of the
reachability graph, all transition firing sequences
which lead t o each deadlock marking can be
enumerated. Though complex, this path analysis
can be automatically computed for Petri Net graphs
of modest size. The firing sequences leading to
deadlock can be detected and avoided by scheduling
using operating rules, as described in the example of
the previous section. This method can be used t o

Figure 5: GSPN Model For The Transfer Line of
Figure 1
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design a real-time controller for deadlock avoidance
having the architecture shown in Figure 6.
with initial state corresponding to the expected distribution of initial markings (e.g., obtained from a
steady-state flow analysis of the desired operation of
the system). Let nj(t) be the probability that the
system is in the deadlocked state j at time t, and let s
be the time to deadlock. Then the mean time to
deadlock is E(s), where

E(s) =

7 R,(t)dt
0

Figure 6: Real-Time Controller for Deadlock
Avoidance

where the "deadlock rate" R(t) is

This type of deadlock avoidance can be implemented
as an extension of an existing monitoring an control
system. For instance, if a data acquisition system
measures machine states, the corresponding Petri
net marking may be deduced via the "Petri Net
Executor". Markings which can lead to firing
sequences resulting in deadlock can be detected by
identifying sets of enabled transitions and
corresponding next states. This is the basis for
deadlock detection. The scheduler disables certain
transitions by enforcing a scheduling (event
sequencing) discipline when these markings are
encountered, maneuvering the system to avoid the
deadlock. Such a discipline is readily implemented,
for instance, in a Programmable Logic Controller
(PLC).

If E(s) is large, the system will not get into deadlock
for a long time. If this time is long compared to the
time between equipment maintenance actions, new
parts entering the system, or shift changes, then
manual clearing may be feasible.

Conclusim

Deadlocks i n AMS's may be encountered due t o
particular sequences of parts entering the system,
such that the pattern of scarce resource use creates a
circular wait condition wherein each part is waiting
for one o r more resource to be freed by earlier parts,
but where a part which has recently entered the
system reserves a resource which is needed again for
Performance 1
a later operation on an earlier part. The sequences of
events which trigger deadlocks are i n general quite
A continuous time Markov chain can be obtained by
difficult to predict, requiring a path analysis of the
eliminating all vanishing markings from the
reachability tree of a Petri net model of the AMS -- a
reachability graph, as outlined in [5]. In the case of
problem of combinatoric complexity which is only
deadlock, the Markov chain will have absorbing
feasible to solve in practice for systems of modest size.
states. The theory of such Markov chains [6] can be
When deadlock is known to be a possiblity, a number
used to evaluate performance statistics of systems
of remedies are available: adding production
known to contain deadlocks. Such statistics are
resources or buffers, changing the parts routing
useful in predicting how often deadlocks may occur
rules, changing the parts flow or floor layout, or
under normal operation. From the preceding
preventing deadlocks by prior detection and on-line
discussion, the inherent complexity of the deadlock
resource scheduling. Using a Markov chain model
prevention problem should be clear, and if the
derived from a Petri net model of an AMS, it is
expected time to encounter an absorbing state is
possible to choose among these options by predicting
sufficiently long, the trouble of manually clearing it
the mean time t o deadlock, number of parts
may be worthwhile, particularly in low volume or
processed prior to deadlock, and other measures of
single-shift production operations.
the seriousness of the problem. Although very high
costs are associated with clearing of deadlocks in an
For FMS or AMS with deadlocks, the states in which
AMS, even these costs may be tolerable if deadlockthe system is deadlocked correspond to absorbing
producing sequences of events are extremely rare or
states of the derived Markov chain. The probability
if production rates are low during certain periods.
that the system enters an absorbing state approaches
1 as time increases. The exact dynamics may be
obtained by solving the Kolmogorov equation
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