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ABSTRACT

‘The problem of a catastrophic node failure in a contract
net will be addressed. STRIPS will be distributed by means
of the contract net protocol, and used as a medium for
studying the methods that might be used to recover from the
node failure.

Four methods will be described, and compared, with
respect to normal and recovery operational costs.

This paper was completed under the supervision of

Randall Davis, Assistant Professor, Electrical Engineering

and Computer Science.
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1. DISCRIPTION OF STRIPS

The Stanford Research Institute Problem Solver,
STRIPS,1 has been included in this paper as a medium for
studying methods of recovering from catastrophic failure
of nodes in a contract net.

STRIPS uses a theorem resolution mechanism to deter-
mine differences between a current state and a goal state
and uses it to verify correct means of transferring from
one state to the other. STRIPS also has a list of oper-
ators, with their relevant preconditions and effects,
which can change the ctates.

Here is a brief discription of how a problem is re-
solved., A present woiid model M, and a goal state G° is
made out of well-formulated formulae WFF's, The theorem
prover 1s asked to show that Go is included in Ho. If it
is successful then the problem is solved, if it is not the
incomplete proof is used as the difference between M° and

G STRIPS then goes to its collection of operators to

o°
see if any are relevant in reducing this difference. Of
these operators having the desired effect, the operator O,
which has the fewest literals in its preconditions, is
chosen as the best to try first., A new world model M1 is
constructed by applying the operator to the old world
model, M’ & OMO. STRIPS is called recqrsively, with the
problem now to see 1if Go is included in M1. Termination
occurs when a world model is found that includes the goal

state and the operators are returned in proper order,
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There are two issues which should be discussed further,

Tare mav k> cev-oral arsf swavsdtorn vhich eom reduce the
difference. The operators, themselves, have preconditions
which may not be immediately met in Mo'

Yhen there is a tie between several operators STRIPS
arbitrarily picks one. Should this cholce prove to be
fruitless, STRIPS backtracks and tries the next best choice.
It fails to solve a problem if no operators can be found
to reduce the differences., ~

The preconditions of the operators must be met for
an operator to be applied. STRIPS handles this by setting
up the preconditions ~s a goal state and trying to reduce the
difference between this goal state and the current world
model.

The following is a clearer discription of the problem

solving process,

M, (G, G,)) M, (G G,))

(M, C,) (M., (Ggs Gpr Gp))

L0 @y )

| 5 e

Figure 17, Example of Search Tree
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“o and G° are formulated., The theorem prover is asked

o
do s0, the incomplete proof is used as the difference Do

t0 show thaiv v, 1o 2fivaleed 14 mo. wiaén it is unable to

between M_ and G_. STRIPS then goes to its pool of oper-
ators to find those which can reduce Do’ and finds that
Oa and 0b are relevant to the problem, with 0a being the
better choice,

The preconditions for 0a are set up as a subgoal Ga,
which is placed before Go' The theorem prover is asked
if Mo includes Ga' In this case it is, so Oa is applied
to Mo forming M1. Ga is removed from the goal list and
STRIPS is called on (K1, Go). After determining the dif-
ference between M1 and Go’ it is found that no operators
are relevant, so 0b is then tried. Once again a subgoal,
Gb' is constructed from the preconditions of the operator
0b and is placed before the final goal state. STRIPS
finds that Gb is not included in Mo and that the difference
between them can be reduced by operator Oc' The subgoal
Gc is constructed from the preconditions of 0c and is
placed before Gy, in the goal 1list. It is found that Gc
is included in Md>so 0c is applied to M, forming M2. M2
includes Gt?so M3 is formed. At the last node the theorem
prover finds that Go is included in M3)therefore the pro-
cess terminates with 0c Ob as the correct operator sequence.

STRIPS uses best-girst search to determine which node to

expand.




2. DESCRIPTION OF CONTRACT NET

STRIPS lends itself to distribution and parallelism
in several areas.

(1) The differences between states could possib-
ly be handled more efficiently if processors
could specialize in a class of differences,

' (2) Parallelism can be introduced to simultan-
| eously look into possibilities generated by
having several relevant operators available,
(3) Once an operator 0i has been selected there
are two subproblems, (Mi_1, Gi) (Mi, Gi+1)’
which may be handled concurrently.

In order to achieve these possible gains I will use a
contract netz.

A contract net is a set of nodes or processors that
are able to communicate with each other, Communication is
achieved by exchanging messages which certain information
relevent to particular tasks they are showing, and it is
standardized by means of a protocal.

When a node has a task that it wishes to have some

assistance in completing, it issues a 1qsk .annauncemenf.

A task announcement can be directed to any subset of the

| nodes in the net,

E Gfne task announcement has a header, which contains the
sender, intended recipient of the message, message type,
anda contract number. It also has slots, which contain a

discription of the task, requirements a node must have to
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perform the task, information it wishes to know about a
node, and an exviiwei... ..me, Cunaunication is conside-
ered to be a valuable resource so the information in these
slots is given by keywords and abbreviations known by the

nodes,

T TP T nm e Ttz

To
From

Type

Contract

Task Abstraction

Eligibility Specification

Bid Specification

Expiration Time

FPigure 2. Task Announcement Format

= T o

A node)which thinks it can perform the task in the
+hak otstraction, and which meets the 21ligibility gpeci-

fications answers the announcement with a bid.

H
' ; p
i e s




Type

Contract

Node Abstraction

Figure 3, Bid Format

The node abstraction slot contains the information required
by the announcing node in the bid specification slot. This
information will be used by the announcing node as criteria
for selecting which node it wishes to share the task with,
Wheﬂ the announcing node has selected who it wants, it sends
all award message to that node., The award message has a task
specification slot which contains all relevant information
necessary for completion of the task,

This exchange of task announcement, bid and award
messages is the protocal for establishing a contract. The
announcing node is the manager of the task and the bidding
node is the contractor of the task. The contractor can then
play the role of the manager itself, by contracting out por-
tions of its task,
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To

From

Type
Centract

Task Specification

Figure 4, Awvard Format

When a task has been completed by a node, it sends its
results to the manager in a report message., The report con-
tains a result description slot that specifies the results

of the execution,

To
From

Type

Contract

Result Description

Pigure 5., Report Message
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A report message can either be an interim report or
@ 4dlicl Fupoie Lypol d.premdns upon et what stige ol cou-
pletion 1t is issued.

The manager also has the option of terminating a con-
tract before it has been completed by means of a termina-

tion message. When a contractor receives this message it

stops working on that contract and cancels all related

\Tj\;

Task Announcement

N

Bids

subcontracts.

/N

Award

Report

Figure 6. Contract Message Protocol
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3, CONTRACT RET DISTRIBUTION OF STRIPS

The nodes must have a common theorem prover and a
list of relevant operators to the task., The theorem
will be required in the eligibility specification of a
task announcement. The operators themselves will be cone
tained in the nodes so that when a node receives an an=-
nouncement it can determine if it has any relevant opera-
tors for reducing the differences in the task announcement,
As an abstraction of the task, the difference Do between
Mo and Go will be included in the task abstraction slot
of the task announcement, The bid specification will re=-
quire that bids contain, in their node abstractions, when
the node will be available, the number of literals in the
preconditioned clauses of the relevant operator, and the
particular instantiation of that operator that will be
used, The award messazge will contain in its task specifi-
cation slot the current world model Mo and the goal state
Go. When the contractor reports, the result description
slot will contain the list of operators that reduce the
difference in the order of -pplication.




To: *
froms  Cio

Type: TASK ANNOUNCEMEMT
Contract: A1

Task Abstraction:
TASK TYPE: DIFFERENCE REDUCTION
ABSTRACTION: D°

Eligibility Specification:
MUST HAVE: THEOREM-TROVER XX

Bid Specification:
WHEN AVAILABLE
NUMBER OF LITERALS
RELEVANT INSTANTIATION

Expiration Time:
12:04:36 2-6=T79

Figure 7, Task Announcement Example
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To: NODE 1
froms Lo 7
Typet BID

Contract: A1

Node Abstraction:
12:04:39 2-6-79
3
0, (4, B)

Pigure 6., Bid Exanmple

To: NODE 2
From: NODE 1
Type: AWARD

Contract: A1

Task Specification:
("1' Gi+1)

Pigure 9. Award Example




To: NODE 1
Type: FINAL REPORT
Contract: A1

Result Description:
(04, 05y 04)

Pigure 10. Report Example

Before discussion on the problem solving vrocess can
continue some issues must be solved or clarified,

(1) what information is needed to allow a node to
make an intelligent bid?

(2) vhat information is needed for the manager to
intelligently distribute the task?

(3) when should a manager terminate a contract?

(4) 1Is it appropriate to distribute a task into
two sudtasks, wvhere the first examines the dif-
ferences between a aoal state and an intermedi-
ate goal, and the second examines the differences
between a world model) formed by the operator
related to that intermediate goal stiate,and the
next goal state?

The task abstraction contains the information perti-
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nent to a bidder selecting a task. The task name gives
oL Ll Nlis e Lo L0 the elars of proYles: vt he
is expected to work on. The difference Do is the mini-
mum information needed by the bidder to determine if his
operators are relevent to the task, With this informa-
tion a bidder can decide if it wants to do the task and
determine what instantiation of its operators is appro-
priate,

The manager will use the information requested in the
bid specification to evaluate the nodes usefulness. There
are two issues here, What constitutes a more useful node?
When should contracte be established with less useful
nodes?

In STRIPS, the he :ristic for determining the best node
to expand was the one whose operator preconditions had the
fewest literals. This criterion will be used again here,
STRIPS, however, did not need to know the name of the opera-
tor since it only had one list of operators to choose
from. The contract net may have many nodes with the same
capabilities that will give bids having the same number of
literals., It would be inappropriate to contract all of
them,since they would all be doing the same thing. The
particular operator instantiation is therefore required
to allow the manager to refrain from this excessive re-
dundancy. The when available information allows a manager
to break a tie between nodes having the same least number
of liferals) and the same particular operator instantiation.

If two bids are still tied after all this, the manager




arbitrarily picks one,

. I S & I CnTTAR R S S
e Srieiiews Mdieava by SIEITS are nondetesiiinliostic

in that a best choice at a particular level of search may
not provide the answer. Therefore, it is neceasary to
keep track of all possible courses of action and it mav be
useful to expand and thus contract with less useful nodes.
A problem AQrises here. Some tasks may have an infinite
number of solutions., If a manager waits for all of these
to come back it will be waiting a very long time.

In this paper, it is assumed that there are ample
nodes available, so a manager will be allowed to contract
with the most useful nodes and all the alternatives., How-
ever, when the manager receives a solution to the task
from one of its contr-ctors,it will terminate the remain-
ing, outstanding contracts. This is an adequate approach
because it will be assumed, for this paper, that a node re-
porting before another has the better solution,

This distributed STRIPS establishes an and/or goal
tree, In addition to terminating as discussed above, a
manager will want to terminate contracts to members of an
and dbranch when one of the nodes reports that it has failed
to accomplish its contract.

The world models, goal states and operators that will
be used as examples later, are simple enough so that
an operator can be applied to a world model;without its
preconditions being met. This facilitates the added par-
allelism of breaking a task into concurrent subtasks. This

i®s not neceasarily true for all problems that can be

i

, 4



handled by STRIPS,

P omememaldined aw 2o e $VV0csmatn the arapatieon

of the process, follows.
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Ry Vs Ny
(M, (@, 6)) My (Ggy Go)) (M (Ggr G,))
/
o | Ng
/K
(MO’ Gb) @ (Mco Gd)/ (Mf’ G’g) @
Na

(M , (Gys G))

“

or node (Mh’ (Giv G ))

Pigure 41. DPistridbuted STRIPS and/or Goal Pree




=18~

The problem is reducing the difference between Mo i
aind do‘ Lile Opelaol'e Vas Cc, and Of are equaliy rel=-
evant at the first level, Oa is a dead end and will not
result in a solution. 0c is included in the solution O
Oc, Od’ 0f is the first operation in the solution Of,
Og, Op» Oy

N1 receives the original task to reduce the difference
between Mo and Go' It computes the difference Do between
them and announces the task to reduce Do' Nodes N2, N3,
and N4 examine Do and see that they have operators Oa,

0 and 0f that are relevant., N1 contracts with them to

e?
reduce a difference using their respective operators. N2
establishes goal Ga from the preconditions from Oc‘ It
computes the difference between No and Ga and announces

the task of reducing it, N2 then constructs Ma by apply-
ing 0a to MO and announces the task of reducing the differ-
ence between them, In this example no nodes can reduce
either of the differences so N2 reports to N1 that it has
failed, If N1 had any other contracts which depended upon
Nz's results it would now terminate them, N3 establishes
Gc from the preconditions of Oc. It computes the differ-
ence between Mo and Gc and announces the task of reducing
that difference, N5 sees that it has operator 0b relevant
to the task, After N5 contracts with N3 to reduce that
difference, it establishes Gb from ?pe preconditions of Ob'
NS determines that there is no difference between M, and

G It then computes M, by applying Op to M, and finds

o.
there is no difference between Mb and Gc‘ Its subtasks
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completed, N5 reports to N3 giving as its zresult Ob'
wnile 5 had Teeli wudl s, 56 Lod Leen working un o sime
iler problem, announced by N3 after it had computed Mc
by applying 0c to Mo. Ns,working in the same manner as N5>
has determined that 04 18 a gnod operator because there
is no difference between Mc’ Gyr and between Myo G, 8O it
reports to N3 operator Od' N3 receiving operators 0b from
Ns)and Od from N6 combines them with 0c and reports to
N, that (04 Oq» Od) satisfies its contract. While Ny
had been laboring on its own contract. The process below
N4 operates in the same manner as the previously discussed
nodes, with all of the leaf nodes, in its branch of the
tree, having no difference between their respective current
world model and goal state., It reports to N, that (Of’
Og, Op» 01) satisfies its contract, It is important to e
know what happens if N3 or N4 revorts before the other.
If N3 reports first, N1 notifies N4 that it wishes to term-
inate its contract. N4, in turn, notifies N7 that it
wishes to terminate its contract, and so on down the line,

It has been assumed that all processors work at the same

rate, so the best solution has been picked in this case,

Clearly, if processors don't work at the same rate, some

work will have to be done to determine the optimum solution.
The search pattern has now been changed from the best-

first search employed by STRIPS to a breadth-first search.

The optimum solution in this case has been found in the time

o

it would take STRIPS to find it, if STRIPS made all the

right choiees.
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4., DETAILED EXAMPLE OF DISTRIBUTED STRIPS

The example used by Fikes and Nilsson3

to illustrate
the operation of STRIIS will be used to give a more detail-
ed illustration of distributed STRIPS,

The problem is to determine a plan which a robot, in
a room with three boxes, could use to arrange the boxes

so that they would be at the same location,

Box 1

gu

ox 2 Rox 3

L

Pigure 12. Picture of Example Problem

"he clauses used to describe the world model simply
give the positions of the robot and the three boxes.

(1) ATR(x): fThe robot is at location x.

(2) AT(y,z): The object y is at location z.

There are two overators which can change the world
model, An operator makes the change by deleting the clauses
from the world model that are contained in the operators

delete 1list, and by adding clauses that are in its add list,

ot et e A 0 b e N b e et e e e e




(1) push (x, m, n): Robot nushes object k from lo-

- v
e e s e e WL ~ ..

Precondition: AT(k, m)A ATR(m)
Delete List: A™R(p) AT(k, p)
Add List: AT(x, n) ATR(n)
(2) goto (m, n): Robot goes from location m to lo=-
cation n.
Precondition: ATR(m)
Delete List: A7 R(v)
Add List: ATR(n)

The delete lists have Teen modified with respect to
the original example. "he variable p is just used as a
place holder. When AT(r, ) or ATR(p) is deleted from the
world model, the loca*ion of the robtot or object is irreve~-
lant to the deletion. Apolying goto (j, b) to a world
model will result in the robot heing placed at b irregard-
less of the wvalue of 3.

The nurvose of *this modification is to facili+ate current
reduction of the difference between the current world model
and operators preconditions, and the difference between the
new world model, formed by applying the operator and the
goal state.

The initial world model of this task is given by

Mo

..

ATR(2)

AT(Rox 1, b)
AT(Box 2, c)
AT(Rox 3, d)

of the task is described by

The goal
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Go: (3x) (AT (Box 1, x) A

A, (Dua ey Xy 1™
AT (Box 3, x).

This problem is interesting as an example because there
are an infinite number of vossible solutions and because
there are many solutions with the same, even the optimum,
level of complexity.

4 to determine

STRIPS uses the ¢A 3.5 theorem prover
the differences between states, Only those differences,
not the computation of them, will be repeated here.

The first node, lode 1, which assumes the role of the
overall task manager, determines that the difference between
Ho and Go is

~ AT (Box 1, c)Vv ~ AT (Box 3, c¢)

~ AT (Box 2, b)V ~ AT (Rox 3, b)
~ AT (Box 1, d) V ~ A™ (Box 2, 4)
Node 1 needs to have this difference reduced so it issues

a task announcement,

To ¢+ *
From: NODE 1
Type: TASK ANNOUNCEMENT

Contract: 1

Task Abstraction:
TASK TYPE: DIFFERENCE REDUCTION
ABSTRACTION: .~ AT (Box 1, c)¥~ AT (Box 3, c)
~ AT (Box 2, b))V~ AT (Box 3, b) —

o y




-23-
~ AT (Box 1, d)V~ AT (Box 2, d)

Eligibility Specification:
MUST HAVE: THEOREM PROVER QA43.5

Bid Specification:
WHEN AVAILABLE

NUMBER OF LITERALS
RELEVANT INSTANTIATION - i

Expiration Time:

12:04:36 2-6-79

The only relevan: operator is push (k, m, n) but there
are six relevant instantiations push (Box 1, m, ¢), push
(Box 1, m, d), push (Tox 2, m, b), push (Box 2, m, 4),
push (Pox 3, b) and push (Pox 3, c).

An operator having several relevant instantiations is
a difficult issue to resolve., It will be assumed that
enough nodes will bid to allow Fode 1 to contract each in-
stantiation with a different node. If not, Node 1 will be
required to remember uncontracted instantiations, and the
node that offered them, should the selected instantiations
fail.

The operation following each node below Node 1 will
be identical, except for different variables used as pera-
meters to the different instantiations. Expanding one will

be representative of them all., .

D




To: NODE 1
ST0M: v 2
Type: BID

Contract: 1

Node Abstraction:
12:05:06 2-6=-T9
(2, 2, 2, 2, 2, 2)

To:
From:

Type:

(push (Box
push (PBox
push (Box

Node 2 now

NODE 2

NODE 1
AWARD

Contract: 1-3

1, m,
3, m,

3, m,

seals

Task Specification:

ded in the task specification so that Node 2 will know which
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¢), push (Box 1, m, d),
b), push (Box 2, m, d),
b), push (Box 3, m, c¢))

the contract with the award message.

push (Box 2, m, b)
((ATR (a) AT (Pox 1, D)
AT (Box 2, c) AT (Box 3, d)),
(Q3x) (AT (Box 1, x) A
AP (Box 2, x) N
AT (Box 3, x)))

The instantiation push (Zox 2, m, b) has been inclu-

_4
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instantiation offered it is to use, T™he -3 has been append-
ed to the contirac: nut..es 86 .uat .ode 1 can Keep rack or

which instanfiation it gave to Node 2.

Expansion of goal tree so far.

Node 1: Reduce difference

between Go’ Mo

~ N\

Node 2: Trying Other nodes: Trying

push (Box 2, m, b) other instantiations

When Node 2 receives the award it uses AT (Box 2, ¢)
from M, to refine the operator instantiation to push (Box
2, ¢, b). It breaks the task into two subtasks. The first
is to see if the operator preconditions are met in Mo. The
second is to see if Go is included in the world model formed
by applying push (Box 2, c,b) to Mye

Node 2 determines that the difference between Mo and the

precondition ATR(c). It issues a task announcement,

To: *
From: NODE2
Type: TASK ANNOUNCEMENT

Contract: 2

Task Abstraction:

TASK TYPE: DIFFERENCE REDUCTION




ARSTRACTION: .~ ATR(c)

Eligibility Specification:
MOST HAVE: THEOREM PROVER QA3.5

Bid Specification:
WHEN AVAILAELE
NUMBER OF LITERAIS
RELEVANT INSTANTTATION
Expiration Time:
12:05:36 2-6-79

The only instantiation, goto(m, ¢), leads to an optimum

solation,

To: NODE 2
Prom: YODE 3%
Type: BID

Contract: 2

Node Abstraction:
12:06:06 2-6-T9
2
goto(m, ¢)

Node 2 answers with




To: NODE 3

Al vATre oA
PARSTN . . -

Type: AWARD

Contract: 2-1

Task Specification:
goto(m, ¢)
((ATR (a) AT (Bex 1, b)
AT (Box 2, ¢) AT (Box 3, d)),
(ATR (m)))
Before announcing the second subtask, Node 2 forms
another world model b applying push (Box 2, ¢, b) to 1it.
M1: ATR (b)
AT (Box 1, 1)
AT (Box 2, D)
AT (Box 3, 4)
It finds the difference between M; and G, are
~ AT (Rox 1, d)\V.~ AT (Box 2, d)
~ AT (Box 3, b).
The only rele ant operator is push (k, m, n) with three
instantiations, push (Box 1, m, d) push (Box 2, m, d) and
pash (Box 3, m, b). The first two will lead to non-opti-

mum solutions. Node 2 issues the task announcement.

To: *
From: NODE 2
Type: TASK ANNOUNCEMENT

Contract: 3




Tagsk Argtraction:

TASK TYPE: DIFFERENCE REDUCTION
ABSTRACTION: .~ AT (Box 3, b)
~ AT (Box 1, d)V ~ AT (Box 2, 4)

Eligibility Specification:
MUST HAVE: THEOREM PROVER QA3.5

Bid Specification:
WHEN AVAILAERLE
NUMEER OF LITERALS
RELEVANT INSTANTIATION

Expiration Time:
12:06:36 2-6-79

Node 4, among others, makes a bid.

To: TIODE 2
From: NODE 4
Type: BID

Contract: 3

Rode Abstraction:
12:07:06 2-6-T79
(2, 2, 2)
(push (Box 1, m, d), push (Bid 2, m, d), push (Box 3,
m, d))




«26=
Node 2 selects Node 4 to work on push (Box 3, m, b),

To: NODE 4
From: NODE 2
Type: AWARD
Contract: 3-3

Task Specifications
push (Box 3, m, t)
((ATR (b) AT (Box 1, b)
AT (Box 2, b) AT (Box 3, d)),
((3x) (AT (Box 1, x)A AT (Box 2, X)A
AT (Box 3, x)))

Expansion of goal tree from Node 2 so far.

Node 2: Trying
push (Box 3, m, b)

—

b) preconditions between M,, G_

Meet push (Box 2, ¢, Reduce difference

Node 3: Trying Node 4: Trying

goto ( m, b) | push (Box 3, m, b)

Other nodes: Try-
ing push (Box 1,

m, d) push (Box 2,m,d)




R e Ve —

To: *
adde RV VIV
Type: TASK ANNOUNCEMENT

Contract: 4

Task Abstraction:
TASK TYPE: DIFFERENCE REDUCTIOR
ABSTRACTION: - ATR (d)

Bid Eligibility:
MUST HAVE: THEOREM PROVER QA3.5

Bid Specification:
WHEN AVAILAERLE
NUMBER OF LITERAIS
RELEVAKRT INSTANTIATION

Expiration Time:
12:07:36 2-6-T79

It forms the new world model by applying push (RBox 3, 4, b)
to 1it. )
My: A"R (b) AT (Box 1, b)
AT (Box 2, b) AT (Box 3, b)
Node 4 finds no difference between "2 and Go' 8o it knows
pash (Box 3, d, b) is valid, provided the operators' pre-
conditions nre met.

There is one operator instantiation which will reduce
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the difference of the node abstraction goto (m, d). Node

S has goto (m, n) and .lus ou tue task.

To: NODE 4
Mrom: NODE §
Type: BID

Contract: 4

Node Abstraction:
12:08:06 2-6-T79
1
goto (m, 4d)

Node 4 awards the contract to look into goto (m, d) to
Node 5.

To: NODE 4
Prom: NODE S
Type: AWARD

Contract: 4-1

Task Specification:
goto (m, 4d)
(( ATR (b) AT (Box 1, b)
AT (Box 2, b) AT (Box 3, d)),
(ATR (m))) . .

4

| f g
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Node 3 uses ATR (a) to refine goto (m, b) to goto
\dy uye Lu sinus wmav iws poeconaitions for goew (e D)
are met in G,. It also finds the world model, formed by
applying goto (a, b) to M, includes the goal state it
received, Node 3 makes its report to Node 2.

To: HNODE 2
From: NODE 3
Type: FINAL REPORT

Contract: 2-1

Result Description:
goto (a, b)

Node 2 waits for results from Node 4.

Node 4 uses AT (Tox 3, d) to refine push (Box 3, m, b)
to push (Box 3, d, b). It then determines that the differ-
ences between M, and the preconditions ATR (d) AT (Box 3,
d) is - ATR (d). To reduce this, Node 4 makes a task an~-

nouncement.
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Purther extension of =nal tree,

Node 4: Trying
push (Box 3, m, D)

Meet push (Box 3, Goal met by

m, b) preconditions new model

Node 5: Trying

goto (m, 4)

Preconditions met Goal met in

new model

in old model

Node 5 refines goto (m, d) to goto (b, d) to goto (b, d)
by using ATR (b) from the old world model., It finds there is
no difference between M, and the preconditions of goto (b, d).
After applying goto (b, d) to M, to find a new world model,
Node 5 finds there is no between this model and the goal state
it received, It can now report to Node 4 that its result is

goto (b, d)

To: NODE 4
From: NODE 5

Type: PFINAL RESULT
Contract: 4-1
Result Descrintion:

goto (v, d)




When Node 4 receives the report from Node 5 it pre-

-~

pares iis report Juo ) 0 2. Toalindng goto (b, &) and
push (Box 3, d, b) yeilds the result goto (b, d), push
(Box 3, d, b).

To: NODE 2
From: NODE 4
Type: FINAL REPORT
Result description:
goto (b, d4), push (Box 3, d, b)

When Node 2 receives the report from Node 4, it com=-
bines the result from Node 2 its operator, push (Rox 2, ¢,

b), and the results from Rode 4.

To: NODE 14
From: NODE 2
Type: FINAL REPORT

Contract: 1-3%

Result Description:
goto (a, c¢), push (Rox 2, ¢, b), goto (b, 4), push

Node 2 then terminates the contracts it has with the nodes
working on push (Box 1, m, d) and push (Box 2, m, d).
Mode 1 cancels its outstanding contracts, upon receipt

of Node 2's report, by termination messages.
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5. DESCRIPTION OF PROBLEM OF FAILED NODE

It is apparent now, that problem solving by a con-

AR T S ©

tract net distributed STRIPS can be represented by an Nth
level 2-K and/or goal tree. Generalizing it for any hier-
archical contract net yields an hih level K-tary goal tree.
Studying the nodal relationships on such a tree, will allow

an understanding of the effects of a catastrophic node

failure,

In the unmodified contract net a task employs K® nodes
and has a cost C (x) associated with the cost of computing,
in achieving that task. The total cost for achieving a
task will be the sum of the cost of computation and the cost
assoclated with the mcssages. Letting TA be the cost of a
task announcement, B be the cost of the bid, A be the cost
of an award and Rp be the cost of a report, the total cost .

is KnTA+KnB+KnA+Kan+C(x) or Kn(TA+B+A+Rp)+C(x).

Pigure 13. K-tary Goal Tree




A node, failing at level L,will result in the contracts
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to fail., It is very important to determine methods for
recovery from such a catastroph®. This problem is further
compounded if nodes are allowed to contract several tasks
at a time. A single node failure could potentially cause

widespread damage among unrelated tasks.
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6. METHODS CONSIDERED FOR RECOVERY

Four methods will be considered here for recovery
from nodal failure,

(1) R'® order redundancy

(2) Periodic status inquiries, coupled with re-
announcing the tasks of the failed nodes,

(3) Periodic status inquiries, coupled with in-
terim status reports to facilitate recovery
of subcontracts.

(4) Continuous communication between manager and
contractor,

The first method that comes to mind, that requires

th order re-

no additional message types, is to utilize R
dundancy. For every task,the manager would simply announce,
accept bids for;, and award R contracts, The number of
messages in this approach then goes to (RK)n and the cost
is RnKﬁ(TA+B+A+Rp)+RnC(x), for those messages plus the
cost of comvutation. If a node fails there are R-1 nodes
still available to give the needed results. This is still
an imperfect fix. In the event of a catastrophic failure,
where all R nodes fail, there is no recourse for recovery
available.

Since communication between nodes is only made at
contract time or when results are reported, it is impos-
sible for a manager to detect the failure of one of its

contractors due to a catastrorhe. This necessitates the

introduction of status request messages. When a manager
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has waited a vredetermined time, without receiving a re=-
POLL d-ovwdi 108 Cuaiviuliusy 6oLy dlssue g 3iatus 1., st
to 1ts contractor., If the contractor i1s still function-
ing it will reply. When the manager receives the reply,
it knows all is well and so continues to wait for a
report. If it does not receive a reply, it reannounces
the task that it had contracted to the failed node, and
continues the achievement of its own tasks, through a new
subcontractoruk The advantages of this approach are that
it is simple and the status messages can easily be formed
from existing message formats. The disadvantage of this
aporoach is that all comoutation below the failed node is
still lost to the manager, and that the nodes below that
will continue work fu:.ilely,

A status request can be constructed from a task an-
nouncement by placing in the task abstraction slot the
task name, status request, and by placing in the bid
specification slot the required status. The expiration
time slot will be coded for immediate response, indica=
ting to the contractor, that when he receives this message,
the manager expects him to reply before completing any more

work.
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To: CONTRACTING NODE

LSXehle Ceddavaad s\ ot
Tyne: TA
Contract: CURRENT CONTRACT NUMBER

Task Abstraction:
TASK TYPE: STATUS REQUEST

Bid Specification:
STATUS

Expiration Time:
IMMEDIATE RESPONSE

Pigure 14, Status Request

The contractor will reply with a bid, having in its

node abstraction, his current status,




To: MANAGING NODE

Fromg COC..-.i.Co 7L 0.

Type: BID

Contract: CURRENT CONTRACT NUMBER

Node Abstraction:
STATUS: BUSY

Pigure 15, Status Rerly

Normal protocol requires an award message, 8o the
award message will be modified to be a status acknowledge-

ment,

To: CU

From: MN

Type: AWARD

Contract: CURRENT CONTRACT NUMBER

Task Specification:
STATUS ACKNOWLEDGEMENT

Figure 16, Acknowledzement
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It would not be possible to insure that the extra
ML DO Lo we s baedy o wewwBG wihoa node has Io.L o,
but heuristics could be devised and tuned to keep the
occurence of them to some tolerable level. A tolerable
level of ten percent is assumed in subsequent analysis.
The coat of this approach is Kn(TA+B+A+R3.for nor-

n(TA+B+A) for the exchange of mes-

neL (

mal overation ovlus 1K
sages due to a status request plus SK TA+B+A+RP) for

the recontracting of all tasks below the failed node

plus C(x), the cost of computation, plus K'Lc(x) for

the additional computztion of redoing tasks. S is the
number of failed nodes and 1 is the level at which the

node fails,

If n 48 large and L is small, the cost of redoing
the tasks is significant. This encourages finding a method
that allows for thelr recovery,

The next avproach is to extend the previous one, so
that, instead of simple status reports containing only the
health of the contractor, interim status reports are re-
turned, which contain outstanding subcontracts, known data,
and the means of utilizing them. The manager, when he
detects a failed node, would use these interim status re=-
portas to recontract the subcontractors and thus recover
work already in orogress,

The status request message would be the same as the
previous example., What will change is the meaning of the

status of 2 node.

In the bid format the status reply would now have in

¥
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the node abstraction a status revort containing the per-

et ke e it e

-

tineny Conte xCin, vu duva)“;a vt wexdlaaidion of them. 4:

To: MANAGING NODE

From: CONTRACT NODE

Type: BID

Contract: CURRENT CONTRACT NUMBER

Node Abstraction:
STATUS: PERTINENT CONTRACTS

A: DATA
B: (SU.CONTRACTING NODE, CONTRACT NUMBER)
C: .o

UTILIZA_ION

TASK-TYPE-NAME 1(A, TASK~TYPE-NAME 2(B, C))

Figure 17, Status Revport

The award message would be acknowledgement that the
status report had been received. The complexity of the

message has increased) but, with standardized task-type=-

names, the necessary information should be minimal.
There are three issues to be considered at this point,
(1) When should status reports be issued?

(2) How will the subcontractors be contacted and




recovered?

(3) Wimr wornen  wron ~ Cahkasntpecter ve-rrts ho-
tween the last status report and the nodal
failure?

Peports should be issued upon request, but this does

not, in itself, fulfill the needs of the manager. If a
node fails between the award and the time the manager
gets suspicious, then nothing has been gained. The task
will still have to be reannounced by the manager. To
correct this, an interim status revort will be auto=-
matically required when a contractor has established his
own subcontracts. This interim status report will contain
the same information that is contained in the requested
status revorts,

When a failed node is detected by a manager, it goes

to the most current status revort, if one exists, from

that node. He issues a task announcement similar to the
one originally issued to the failed node. The only differ-
ence will te a new coatract number. The nodes will bid on
it, as before, and the manager will select the one it feels
is most avpropriate., When the award is given, the inform-
ation contained in the status revort will be included in
the task specification. ™he new contractor will use this
information to establish contact with the subcontractors.
If a pertinent contract is data, .then no ‘new contract is
needed. If a vertinent contract is an outstanding contract,

then the new manager issues a task announcement directed

to the subcontractor, requesting that the old contract be




recontracted with 1t,

To: SUBCONTRACTOR

From: NEW CONTRACTOR

Type: TASK ANNOUNCEMENT
Contract: NEW CONTRACT NUMBER

Task Abstraction:

TASK TYPE: RECONTRACT

Bid Specification:
STATUS

Expiration Time:
IMMEDIATE RESPONSE

Pigure 18, Recontract Announcement

The subcontractor replies with a bid that contains a
current status report in the node abstraction.

The award message is simply an acknowledgement that
it had been received.

Aproblem may arise if a subcontractor reports between

the last status report and the failure of its manager. Once

the node has reported, it forgets the contract, When the
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new contractor contacts the subcontracting node, it has
R OUS U , - oD L. .omLvent

this from havpening, it will be required that all nodes

keep a record of its contracts and results, for a veriod
of time, This should not be too much of a burden on the
node, since the amount of time it would be required to
maintain the record would be relatively short, and memory
is relatively inexpencive. ~he status report it gives

to the contractor would be the results.

' N
L_1
|N2
N N N N
3 __fJ 3 4

Pigure 19, Recovery from Pailed Node

The complete process is illustrated in Figure 19.
N1 contracts a task with NZ’ who in turn, contracts with
33 and N4. Once N2 has established its subcontracts, it
sends an interim status report to N1;by means of an in-
terim Pfeport. When N1 discovers N2 has failed, it re-
issues the task and contracts with NS' NS’ finding

nonemoty utilization and vertinent contracts clauses in

=
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the task specification, recontracts with N3 and H4. It
fczaes nodintood - ) ' Toeration Loyt
and the nodes continue to function in a normal manner. The
new contractor, instead of redoing the task itself, simply
waits Jor the reports from H3 ‘nd E4, and uses the indi-
cated utilization of them, in its report.

The cost of this avproach would be:

Kn(TA+B+A+Rp+ISR) for normal operation, plus .1KD
(TA+ISR+A) for status reports, plus S(K+1)(TA+B+A+RP+ISR)
for recovery from failure vlus C(x).

ISR is the cost associated with the interim status
reports.

The cost of recovery is no longer dependent upon
the nodes' location in the tree,

There is one more svecial case which needs clarifi-
cation. It arises when the interim status revort for a
node is lost with the failing node, This can havpen either
when the manager and the contractor fail at the same time,
or when a node elects to work on a task it announced it-
self, and then fails,

The new contractor will be unable to get the results
it expects to use in the utilization clause., There are
two choices for recovery. The new contractor can terme-
inate all subcontracts in the interim status report it
received, and do the task using its own methods, or it can

reconstruct the subcontract and reannounce it,

The nresent interim status reoorts only contains the

subcontract number and the node which made it. Allowing




different nodes to have different capabilities makes it
Widh e L ey vl madewsea €T len LE TeCONSITac.Ll LSO
the utilization clause,

When the new manager doesn't receive a bid from the
directed task announcement to recontract, it terminates
the subcontracts in the interim status reports, and attempts
to complete the task, using the operator that was the basis
for it making a bid on the task,in the first place.

The last method is an extension of the previous one.
The idea of neriodic interim reports is expvanded to con-
tinuous reporting. Communication links are established
between the manager ard the contractor. 7he intention is
that all managers will know,all the time, exactly what is
the status of their r:spective contractors. This would
be fulfilled by extending each nodes communication capa-
bility (possibly by adding another processor to each node,
whose sole puroous is to control and coordinate communica-
tion).

The contract between two nodes would be estadblished
in the normal manner. The manager would issue a task
announcement, the nodes would bid on the task and the
manager would award the contract to the node it prefers,

Once the contract had been made, a continuous commune
ication 1link would be established between the manager and
the contractor. 7This would enable the manager to know at
all times the health of the node, the stage of task com-
vletion, and 211 pertirent information, such as partial

results and subcontractors. Wwhen a failure occurs the
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manager knows about it immediately. It reannaunces the

i et AN - . LA —~ . . .. N RS A B E -+ - ..
Lo WLLO Tl o W LDl L2 Ju wnetlialyg wdlo, LoLoOonirac. o

and utilization, as was discussed in the vrevious approach.
The new contractor contacts the subcontractors by means of
a task announcement, and has the contract remade with it-
self as the recipient of further communication., The
communication links between the o0ld contractor and the
manager and subcontractors are broken and reestablished,

in turn, with the new contractor. The cost of this system
is Kn(TA+B+A+RP)+C(COM)+C(x) for normal operation, plus

S(K+1) (7A+E+A) for recovery from failure.
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METHOD ||  NORMAL OPERATIONAL RECOVERY
v e alaNatisls:
R _order RnKn(7A+B+A+RD)+Rn 0
redundancy C(x)
I
R ny . n-L, .
Periodic status 11K (TA+B+A+R )+ S(K™7(7A
requests coupled C(x) +B+A+RD)+
with reannouncing K'Lc(x))
the task.
II
Periodic status 1.1k" Th+E+isR_+ISR) S(K+1)(Ta+
requests with -,1Kn(P+R0)+C(x) B+A+ISR)
interim status
reports
111X
Continuous Kn(¢A+E+A+Rp)+C(x)+ S(K+1)(mA+
communication c(com) B+A)
between manager
and contractor
Iv

R= order of redundancy:C(COM)= cost of communication links
K= number of decer 'ents ver node;C(x)= cost of computation
n= depth of gonal tree;L=tree devth at which failure occurs

TA= cost of *+ask announcement message;S=number of failures

B= cost of bid message:ISRx cost of interim status report

A= cost of award message:Rp= cost of report message

Pigure 20, Cost of Recovery Methods

o
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Normal operation costs are continuous but recovery
COSTHY arl't Ialdiul cliv wawve-dat  wodby laelelore 11 maxes
sense to break the costs of the four approaches, into these
areas.

The ordering of the four methods, with respect to
normal operational costs, from least expensive to most ex-
pensive, is II,III,I,IV, The cost ISR is on the order of a
bid, therefore, for R greater than 1, I is more expensive
than either I or II. IV, because of its communication
links, is considered the most expensive of them 2all,

Ordering, with respect to recovery cost, yields I,IV,
IIT,IT.

Method I, the R'D

order redundancy, is not consider-
ed to be a good solution to the problem of node failure,
It is, at its best, orly a vartial fix, In the event of
a catastroohe, redundancy will only allow survival if one
node for each task is undamaged. Should all R nodes fail
for a varticular task, the system will fail, since it has
no means of recovery. It does provide a capablility for
discovering eroneous reports, but this is a different, al-
though related, problem from the one discussed in this
paper.

Method IV, continuous communication between nodes,
is quite exvensive, due to extreme expansion of communi-
cation requirements. It has some value where the tasks

assigned to the nodes are of such high priority that they

outweigh the cost of the communication links., This method

may require the nodes to be located near each other and
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limits the number of nodes that the net can absorb.

Most appiicationt wuwiu Cail Zor either ..e¢inoa 1i,
or Method ITII. Method II, simole veriodic status, re-
quegts can be more easily implemented than III, and has
the lowest normal overational overhead. Unfortunately,
it has the highest recovery costs, "hese costs are not
independent of the location in the goal tree of the node
that fails, It also loses the benefit of any subcon-
tractors below the faliled node, and forces the work to
be redone., It is, therefore, best suited for applica-
tions where there are a sufficient number of nodes avail-
able so that the wasted effort is not significant, and
where the tasks are of a low enough vriority that the time
lost for recomoutation is no* imvortant,

Method III, periodic status requests with interim
status revorts, is suited for most applications between
these poles. The cost of an interim status report is
roughly the same as any other message, thus the normal
operational oposts of Method III are within a constant factor
of Method II, 1Its recovery time is fast and independent
of the location of the failure and it allows the retrieval
of subcontractors below the failed node. Considering its
cost verses effectiveness, Method III is the best, for

general use, of the four methods discussed.

"
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7. EXAMPLE OF RECOVERY

The example, in section 4, will be extended to allow
recovery. The method to be used is periodic status re-
quests and interim status reports (Method III),

The awarding of contract 1-3 by Node 1 to Node 2 is
accomplished exactly as before, The task announcement,
bid, and award are unchanged. ©Node 2 awards contracts
2=1, 3=3, and others to Node 3, Node 4, and others with
the messages already given,

Once these contracts are secured, Node 2 is ready to

glve an interim status report.

To: NODE 1
From: MNODE 2
Type: INTERIM REPORT

Contract: 1=3

Result Description:
STATUS: PERTINENT CONTRACTS:
A: (NODE 3, 2-1)
B: push (Box 2, ¢, b)
C: (NODE 4, 3-3)
D: other node working on push (Box 1, m, d)

UTILIZATION:
(A, B, C) V (4, B, D) V (A, B, E)

ey




If Node 2 had failed before the interim status report,

Node 1 would have siup-y ~iCnaowaced ihe task, Jhe siatus
report gives Node 1 the information it needs to recover

lower nodes.

Node 2 fails, Node 1 waits the appropriate period of

time then it issues a status request.

To: NODE 2
From: NODE 1
Type: TASK ANNOUNCEMENT

Contract: 1-=3

Task Abstraction:
TASK TYPE: STATUS REQUEST

Bid Specification:
STATUS

Expiration Time:
IMMEDIATE RESPONSE

Now Node 1 issues the same task announcement it made, for
the contract with Node 2, except the contract number is
different. Node 6 makes a bid based on its relevant in-
stantiation push (Box 2, m, b). Node 1 awards the contract
to 1t, including in the award message the information in

the interim status report from Node 2.




To: NODE 6

ey . N
L i . [

Type: AWARD

Contract: 6-1

Task Specification:
push (Pox 2, m, b)
((ATR (2) AT (Box 1, b)
AT (Box 2, ¢) AT (Box 3, 4d),
((AT (Box 1, x)
AT (Box 2, x)
AT (Box 3, x)))
PERTINENT CONTRACTS:
A: (NODE 3, 2-1)
B: push (Box 2, ¢, b)
C: (NODE 4, 3-3)
D: other node working on push (Box 1, m, d)
E: other node working on push (Box 2, m, 4)
UTILIZATION:
(4, B, C) V(A, B, D) V (4, B, E)
Node 6 must establish contracts with those nodes in

the task abstraction., For Example, the message to Node 3,

To: NODE 3
From: NODE 6
Type: TASK ANNOUNCEMENT

Contract: 7




Task Abstraction:

O T . ~
FURVOY G G S NUPUTY B

Bid Specification:
STATUS

Expiration Time:
IMMEDIATE RESPONSE

Node 3, Node 4, and the others reply with bids con-
taining their current status in their node abstractions,

After Node 6 acknowledges these recontractinga,sends
a new interim status report to Node 1, the net continues

its normal operation.
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Interest in distributed processing has been growing
due to the availability of increasingly powerful micro-
processors. The contract net has been proposed as a

method for achieving the control and coordination required

for it.

The issue of catastrophic node fzailure must be resolved
for the contract net to be practical.

Your methods for recovery from a failure have been
discussed.

(1) R order redundancy. The manager contracts

with R nodes to complete the task,

(2) Simple peri:dic status requests. The manager
checks a contractor after a period of time. If
it has failed, the task is reannounced.

(3) Period status requests with interim status re-
ports., The manager gets information from status
reports which zallows it to recover nodes below
the failure.

(4) Continuous communication links. The manager re-
ceives continuous updates on the condition and
progress of the contractor.

The first doesn't solve the problem. The fourth is too
expensive, except for small nets with high priority tasks.,
The second is inexpensive and easily implemented, but it }
cannot recover nodes below the failure,

The third, periodic status requests with interim status
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9. HISTORY OF PROBLEM

There have been m~ny attempts at planning with vary-
ing levels of success. GPS°, STRIPS, ABSTRIPS® and NO4iH'
were scudied for suitability as a medium for examining
the issue of node failure, Although NOAH had been dis-
tributed in other works, STRIPS was chosen for this paper.,
Distributing it is sufficiently involved to bring out the
issues, yet simple enough to generate understandable examples,

The author of this paper knows no other literature

on the problem of node failure,
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10. SUGGESTIONS FOR FUTURE WORK

Distributing STRIPS has brought out some issues which
were not dealt within this paper.

Tne suitability of STRIPS for distribution is still
quetionable. Implementing the distribution of alternative
choices towards reducing a difference, is reasonable and
clean, but the distridbution, generated by breaking a task
into subtasks, before and after operator application, was
done only by deemphasizing the importance of the delete
list. The trick employed may not be valid for all appli-
cations of STRIPS,

Prior to distribation of alternate choices is the
problem of selection. ~his paper simply selected them all,
ignoring both finite number of nodes in the net, and possi-
ble wide diparity between a2lternatives., Examining all
alternatives could lead to super=saturating the net. It
may be worthwhile to use only a fraction of the alterna=
tives, the fraction,determined by the complexity of the
better alternatives, or at least holding off investigating
an alternative that is thought to be very unlikely., Nodes,
with more than one operator instantiation, pose a problem
for the manager, that might be better handled by the con-
tractor.

The solution to the problem of failed nodes asserted
by this paper, requires that work be done in developing
heuristics for determining tolerable waiting periods., Wait-
ing too long results in excessive lost time, and waiting
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too short results in excessive message exchanges, Although,
Il owmtl Ul pinlioae, wntt would we prefer .. o heo
istics that are independent of the class of tasks given f
to the nodes., |
Taere are problems related to node failure which have
not been treated at all. Lost or garbled messages might
be handled by the inclusion of a repeat message. After
reception of a garbled message, or an excessive wait for
a message, a node could ask for the message to be repeated.
For the class of problems, where checking a solution is
easier than finding the solution, erroneous data from a

node could be detected by requiring the manager to check

the solution given it, against the task it contracted out.




-61-
11. FOOTNOTES

1. See reference 2,

2. See reference 5.

3. See pgs. 200-203 in reference 2.

4. This method was suggested in reference 5.
5. See reference 6.

6. See reference 3,

7. See reference 5,

8. See reference 1.
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