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ABSTRACT

We extend the model originally developed by Atwood and Polson (1976)
for the water jug task to four versions of the Missionaries-Cannibals problem.
Experiments showed that variations in the cover story produced no differences
in Tegal moves to solution, but large differences in illegal moves. A
three stage model incorporating means-ends heuristics, assumptions about
the utilization of memory, and an illegal move detection process was able
to account for both the legal and illegal move data from all four versions

of the task.
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A Process Mode! for Hobbits-Orcs and Qther Rl.ver Crossing Probiems

In this paper, we develop and evaluate a process mode! for the Hobblts-
Orcs (née Missionaries~Cannibals) river crossing probiem. Two sets of
Issues motivate this research. Elsewhere, two of us have presented a
General Probiem Solver (GPS) - like model for water Jug probiems (Atwood and
Polson, 1976). The primary purpose of this paper Is to demonstrate the
generality of the process assumptions underlying the water Jug model by
showing that another modei derived from these same assumptions can account

for the data from the Hobbits-Orcs problem and other similar river crossing
tasks. Secondly, we will attempt to resolve some of the issues that have
been raised by other studies of Hobbits-Orcs and related problems (Thomas,
1974; Greeno, 1974, Reed » Ernst, and Banerji, 1974; and Simon and Reed,
1976). We argue that a successful demonstration of the generality of the
Atwood-Polson assumptions gives strong evidence for their validity.

We begin by describing in detail the Hobbits-Orcs problem and otner
related river crossing tasks. We then present a process model for this class
of problems that is derived from the assumptions underlying the Atwood and
Polson (1976) model for the water jug task. We follow with analysis of river
crossing problems and discuss resuits and conclusions of other investigators
in the context of our model. Then, we present two experiments that compare
performance on dlfferent isomorphs of the Hobbits-Orcs probiem. Finatly, we

discuss the resuits of comparisons between Quantitative predictions cobtained

by simulation from the modei and obsarved performance. Our overall objective

is fo demonstrate the validity of the assumptions mads by Atwood and Polson

by showing that it Is possible to derive models from them that enable us to
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account for the performance of naive subjects solving two quite different

sequential probiems: water Jug tasks and river crossing problems.

The Task

The Hobbits~Orcs problem is one of a large number of river crossing
tasks in which a collection of a@bjects or group of trave!lers must be
transported across a river from the left to right bank. The problematic
aspects of these tasks are the limited capacity of the becat and restrictions
that make iilegal certain combinations of travellers on either side of the
river. 'The basic version of the task used in this study invoived moving
six travellers, three Hobbits and three Orcs (Tolkien, 1937), across a
river using a boat that only holds two of them. In addition, if the Orcs
ever outnumber the Hobbits on either side of the river, the Orcs witl kill
'The Hobbits. Moves that lead to such config@raffons are illegal. The graph

of the problem space Is shown in Figure 1

A state of the problem is defined by the numbers of Hobbits and Orcs
on either bank and the position of the boat. The boxes in Figure 1 ere The
fegal states of the problem (Orcs do not outnumber Hobbits on either bank).
The ovais are states in which Orcs outnumber Hobbits on one or the other
bank; illegal moves are moves leading to these states. For each state, the
number of Hobbits (H) and Orcs (0) and the positlon of the boat {(¥) is shown.
We will refer to states by the numbers shown in Flgure 1 and by friples:
the number of Hobbits on the right bank, the number of Orcs on the right bank,

and the position of the boat. We let the boat position egqual L if the boat
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Figure 1. A graph of the problem space for the Hobbits-Orcs problem. The legal
) states are shown in the boxes, the illegal states in the ovals. The position of
the boat is given by the *.
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is on the left bank and R otherwise. Thus, (OH,0C,L) is the start state and
(3H,30,R) is the goal state.

The subject begins the problem in state 2:(0H ,00,L) where he has a choice
of three legal moves fo states 3:(iH,10,R), 4:(0H,20,R) or 1:(0H,10,R). From
either state 3 or 4, the subject can fegally return to the start state or make
a correct forward move to state 5:(0H,10,L). State 5 is a point on the graph

where the subject's choices include two legal moves that don't lead toward

the goal. The graph of legal moves is essentially linear from state 6:(0H,30, R)

on. Only two iegal moves lead from a majority of the states: the correct
forward move and a return to the just previously visited state. Cbserve that
the move from state 8:(2H,20,R) to state 9:(1K,10,L) is the only place in the
probtem where it is necessary to move Two fravellers away from the goal (right)
bank back to the left bank. At state 12:(3H,10,R) there is again the cholce
of two forward moves.

We propose to evaluate the generality of the assumptions undertying the
Atwood and Polson model by showing that we can derive a mode! for a probiem
that has a very different structure from the water Jug task. A’'second approach

to the issue of generality is to show that the mode! can account for The

behavior of subjects who solve isomorphs or homomorphs of the original problem.

An isomorph is a problem with a different cover story but exactly the same
set of legal and iliegal moves and transitions among them as the original
problem. For example, Hobbits-Orcs is an isomorph of Missionaries~Cannlbals.
Hayes and Simon (1974) argue that the details of the cover story may change
the augmented problem space (Newe!} and Simon, {972) constructed by a subject

to represent a problem and thus alter problem solving behavior. Greeno (1974)
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used an isomorph of Hobbits-Orcs involving elves and men to investigate a
hypothesis about difficulty at a particutar polnt in the problem. Reaa,
Ernst, and Banerji (1974) employed a homomorph (a problem with the same
pattern of legal moves but with different illegal moves) in a study of
traansfer performance. We will show that our model can account for the
similarities of subjects' problem solving behavior on four different
isomorphs of Hobbits-Orcs.
The Hobblts-Orcs problem, or variations of it, has been used extersively
In investigations of problem solving behavior. Thomas (1974) examined the
behavior of naive subjects on this problem. Greeno {1974) attempted to
describe the cognitive changes that are induced by repeated solution of the
problem. Reed, et al, (i1974) examined possible transfer effects of sciving
a homomorph on subsequent sofution of this problem. All three papers con-
cluded that subjects can be descrived as progressing through several
"cognitive states” in the process of solving the problem. Each of tnese
cognitive states was assumed to encompass a multipie move sequence and is
characterized by application of a particular strategy. Furthermore, forward
planning occurs in each of the cognitive states. Our model, to be presented
in the following section, makes no such assumption. We argue that merory
resource limitations (Norman and Bobrow, 1975) confine subjects to the

considsration of one-step sequences.

The Modei
The model for Hobbits-Orcs that we develop In this section is derived
from a theory for MOVE prablems originaily proposed by Atwood and Polson

{1976). The theory assumes that move selection involves the interacticn
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petween General Problem Solver (GPS) - |ike means-ends heur{stics and informa-
tion stored in memory about previously occuplied problem states. Atwood and
Pciscn, in their presentation of the water jug model, give & detalled
raticnale for the assumptlions underlylng the theory. We will focus on the
presentation of a model for Hobbits-Orcs and related problems. The reader
is referred fo Atwood and Polson (1976) for. a more detaiied discussion of
the rationzle for the assumptions underlying the model.

Following Atwood and Polson (1976), we propose that a naive subject's
attempts to solve MOVE problems can be characterized as a series of episodes,
each involving the selection of a successor to the current problem stete. Nove
salection involves the interaction of two sets of processes: 1) the means-ends
processes, in which a subject attempts fo find a successor to the current
state that ne evaluates as being closer to the goal state, an¢ 2) the memory
srocesses, which cause the subject to tend to reject moves that lead to previ-
ously occupisd states. The model describes how informetion from the resuits
of the means-ends evaluation and deta from memory are integrated to select a
next reve. Before describing the complete model we will describe the means-
enas processes and memory assumptions.

Means-Ends Processes. The components of the means-ends processes are:

(1) the evaluation function, (2) the move accepiability criteria, and {3) the
choice of an optimal or best move.

The evaluation function is a numerical representation of the subject's
state evaluation strategies. We propose that the evaluation function is the
major task specific comporent of any glven model derived from the theory.

Tne major difference between models for different tasks (water jugs vs.
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Hobblits-0Orcs) or for dlfferent Isomorphs of a probiem Is In the structure of
the specific evaluation function. We assume that the evaluation function
represents a subject's encoding of the task Instructions and his decision
concerning overali strategies. The evaluation function incorperated into
the simulation mode! is numerically valued with arguments that include the
number of travellers on each bank and conflgurations of travellers, e.g.,
the number of pairs of Hebbits and Orcs on the goal bank. The evaluation
functions incorporated into models for Hobbits-Orcs and its isomorphs will
be presented in the discussion of the slmulation results.

The means-ends heuristics classity any given move as acceptable or
unacceptable. Let g be the value of the evaluation function for the current
state; tet &j be the vaiue of the state that would result if the move under
consideration were taken. We have defined the evaluation functlions such that
larger values are associated with more desirable states, l.e., more travellers
on the right (goal) bank. Thus, with rare exceptions, g < gj for any move
from teft to right, a move taking one or more travellers to the goal bank.
Conversely, moves to bring the boat back, right to left, all result in states
with worse evaluations, e; > gj, since at least one traveller must be removed
from the goal bank. Move evaluation involves the comparison of the values of
£; and gj. Let Sd' d = L or R, be values that define acceptability criteria.
When moving from teft to right, a move is acceptable if e. 2 & + 8. Amove
from right to left is acceptable when & zg -GR. if a move does not satisfy
the appropriate criterion, we say It Is unacceptable. A subject, when moving
from left to right,is attempting to find a move that leads to a state with a

better evaluation. When moving from right to left, &_ defines a indlfference

R
criterion.
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in the flnal stage of the move selectlon process, there are clrcumstances
In which a subject will attempt to choose an optimal move. When moving In
elther direction, the optimal move Is the move that leads to the state with
the largest value of the evaluation function.

Merory Processes. The memory processes Incorporated into our Hobbits-—
Orcs medel are identical to those proposed by Atwood and Polson (1976) for the
water jug task. We assume a multi-store mdgl of memory (Bower, 1975).
Information generated during the move selection precess [s stored in short-
term memory (STM). Information about states entered during previous eplsodes
is stored in long-term memory (LTM).

Quring the first stage of the move selectlon process, a subject computes
and stores the following Information In STM for each of *he successors of the
current state: (1) the move, (2) the resulting state, (3} the value of the
evaluation function for the resulting state, and (4} Information retrieved
from LTM about previous entries into the state. Informatlion about at most r
successors can be stored In STM. It Is assumed that 1f the current state has
more than r successors, information will be lost from STM.

Representations of moves actually taken are stored in LTM. This informa=~
tion is retrieved using a recognition process. Upon entry into a new state,
a representation of that state Is stored with protabliity s In LTM. New states

are those states that have never been entered durlng the course of attempting

to solve the problem or whose representations were not successfully stored during

previous entries Into the state. A state whose representation has been stored
will always be recognized. Finally, Information about the start state

(OH, 00, L) is stored in LTM with probabili+y '.0, i.e., a primacy effect.
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The Move Selectlon Process. The theory postutates a three stage process
for move selectlon. In Stage |, each possible successor 1s evaluated using
the means-ends processes. |f no move Is chosen in Stage 1, a subject attempts
to find a move that leads %o a new state. The third stage Is entered only
if representations of all successors of the current state have been stored
in LTM.

Stage !. A major difference between the Atwood and Poison (1976) model
for the water Jug task and our model for Hobbits-Orcs is that our mode!
incorporates a fixed noticing order for the evaluation of successors of the
current state. When the boat is on the left bank, moves are evaluated in
the followlng order: 1) one Hobbit and one Orc (HO), 2) two Hobblts (HH),
3) two Orcs (00), 4) one Hobblt (H), and 5) one Orc (0). We define the
index, n(x), of a move, x, is Its position in the noticing order,

A =1, 1=1,2, ek [$))
where k is the number of possible successors. That is, for a state that has
five successors and the boat on the left bank, n(HO) = 1, n(HH) = 2, etc.
For states wI‘Th fewer possible moves, n(x) still Increases |inearly (e.g.,
tor state 11:(3H, 00,L}, n(00) = 1, n(0) = 2). When the boat is on the
right bank, the noticing order and assoclated indices are inverted.

The noticing order empodies some of the subjects' general strategies for
attacking this problem. Moves that result in more travellers moving to or
staying on the right bank are preferred; as a sub-strategy moves that put
more Hobbits on the right are preferred to those that increase the number

of Orcs. The "palr™ move (HO) is preferred to all other moves going left

to right.



Hobbits-Ores
5]

The Stage | process Involves the following seqﬁence of operations:

1) the next move in the noticing order is evaluated using the means-ends
processes. Information about previous entries Into the resulting state Is
retrieved from LTM. The move, the resuitling state, its evaluation, and
whether or not the state was recognized is stored in STM. 2) An unaccep-
table move is never taken, and the Stage | process continues with the next
move on the noticing order. 3) if the move is accepiable, the probability
that it will be taken depends cn whether or nof The resulting stafe is
recognized. If It is not recognized, the move is taken with probabitity al,
where i is the index of the move. If it is recognized, it is taken with
probability 8. 4) Moves refurning fo +he immediately preceding ‘state are
not taken. 5) if a move leads to the goal state, it is taken with probability
1. 6) If the move is not taken, the next move in the noticing order is
evaluated. The cycle continues until a move is taken or all possible moves
heve been evaluated and rejected.

Stage 1l. If a move is not selected during the Stage | process, a sub-
ject enters Stage il. In Stage il, successor states are considered in the
order defined by the noticing order. A subject takes the first move that
teads to a "new" state. |f there are NO new SucCessors, the subject enters
Stage {il.

Stage {1t. |In this final stage, a subject attempts fo select an
optimum move on The basis of information generated during the exacution of
Stage 1. He attempts fo choose a2 move that leads to the state with the
largest value of the evaluation function. However, STM can only retain

reiiable information about r successors. If the current state has more than
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r successors, 1t is assumed that an accurate record of the information about
each move is no longer stored in STM. In this case, the subject randomly
selects a possible move. |f the current state has r or fewer successors,
the subject wiil select the optimal move with probability ﬂavg’where %avg =
(a5 +a* +ad +a? +0)/5. If the optimal move is not taken, the subject
randomiy selects a move.

Errors and lliegal Moves. The Atwood and Polson (1976) model for the
water jug task has no mechanisms for dealing with errors. They were viewed
as noise in the data since the only possible errors were physically impossible
moves, pouring water from an empty Jjug or info a full cne. For the Hobbits-
Orcs task however, there are two kinds of errors: nonsense moves (pufting
three traveliers in the boat, not putting anyone in the boat, putting a
+ravel ler into the boat who is not avaiiable on that bank}, and moves that
let Orcs attack Hobblts. The first type are violations of the real-world
constraints defined by the problem and are like attempts to pour water from
an empty jug. The second type are moves that violate arbitrary constraints
of the particular problem. In the following, we will refer to ihe first type
as errors and the second type as illegal moves. We will add a mechanism to an
Atwood-Poison type of model to attempt o deal with illegal moves.

The pattern of possible illegal moves is not uniform throughout the
Hobbits-Orc problem. As can be seen in Figure 1, the number of possible
illegal moves varies from zero to three. I illegal moves were generated by
a random process, the number of iilegal moves chosen at a particular state
would be highly correlated with the number of Iliegal moves that are possibie

at that state. We wili demonstrate, however, +hat subjects do not randomly
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select illegal moves; high frequency illegal moves are those that lead to
states with high evaluations. Our lllegal move process is based on two
assumptions. First, the move selection processes associated with each of
the three stages, discussed earlier, make no distinctions between iliegal
and legal moves. Second, after a given process selects a move, it is
filtered through an illegal move detector that prevents most such moves
from being taken. If the illegal move is detected, a subject continues the
processes for the stage that generated the illegal move with the next element
of the noticing order. |f a subject falls to detect that a move is illegal
and consequently selects it, we assume that the entire move selection process
is reinitiated; i.e., subsequent processing begins with Stage |. The state
defined by the illegai move is encoded as the just previous state and is
therefore not considered in the subsequent Stage | process. In summary, we
propose that legal and illegal moves are treated identically by the means-ends
and memory processes. We assume that a move generated by any one of the three
stages is evaluated by a common detection process just before it is actuaily
made. M
We have assumed that the probabiiity of a subject rejecting an illegal
move is a furiction of the characteristics of the resulting Illegal state,
i.e., when Orcs outnumber Hobbits on one side of the river. For most
legal states of the problem, there are two or three moves leading to illegal
states. The illegal states can be partitioned info those inwhich the
violation (Orcs outnumbering Hobbits) occurs on the same bank as the boat
rests currently (near side Illegal state) and those in which the violation

occurs on the opposite bank (far side illegal state). Near side iilegal
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states are shown on the left side of the graph in Figure 1, and the far sideillegal

states are shown on the right side. In addition, we assume that there are
configurations where Orcs outnumber Hobbits that are easier fo detect than
others. An easy configuration has three Orcs and one Hobbit on either bank
of the river; a hard configuration is any other combination where Orcs out-
number Hobbits (e.g., three Orcs and two Hobbits or two Orcs and one Hobbit).
Combining the above two classifications, we parfition the itiegal states into
four categories: near-easy-to-detect (NE), near-hard-to-detect (N, far-
easy (FE), and far-hard (FH). We assume that the probability of detecting
an itlegal state and rejecting the associated move is a function of the
category of the iilegal state. lete , d= NE, NH, FE, or FH, be the

d
probability of detecting a move that leads to a state in category d.

Related Ressarch

Two other expiicit process models for the Hobbits-Orcs problem have been
proposed by other researchers: General Probtem Solver (GPS) (Ernst and Neweli,
1969), and the strategy shift model (Simon and Reed, 1976).

Greeno (1974) argues that GPS is not a viable mode! of humen performance
in seguential problem solving tasks like Hobbits~Orcs. First, he cbserves
+hat GPS cannot be consicdered a valid simulation of human performance because
it assumes internal structures that have no reasonable psychological analog;
e.g., GPS has an almost unlimited STM capacity. Second, Greeno has shown that
fhere is a very poor correspondence between GPS's performance on Hobbits-Orcs
(actual ly Missionaries and Cannibals) and the behavior of human subjects. For

a large majority of the states of the Hobblts-Orcs problem, there is an
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aimost perfect inverse relationship between observed difficulty of various
states and predicted difficulty (Greeno, 1974, Fig. 5, p. 282).
However, Greeno (1974) and Atwood (Note 1) have shown that GPS's

ditticulties with the Hobbits-Ores problem are due to the procedures that
it uses to set-up and manipuiate Its subgoals. GPS assumes that 1t can
setect efiective subgoais by evaluating differences befween the goal state
and the state resulting from taking a possible move. This assumption is not
always correct for either the water jug task or river crossing problems.
Atwood and Polson (1976) show that this is also a primary source of difficulty
for human subjects in the water jug task. Second, Greeno points out that the
major cause of GPS's difficulties with the Hobbits-Orcs problem is The partic-
ular way that GPS sets-up and executes subgoals when a primary goal cannot be

directly accompllshed - the fooping problem (Quinlan and Hunt, 1968; Atwood,

The looping provlem is basically a problem of goal stack management.
when multiple subgoals are establisted, they must be executed in an order that
ensures that fthe preconditions necessary for accompiishing subsequent goals
are not destroyed when prior goals are attempted. In order to impliement
effective goal stack management hecrisTics, the programming language employed
must include efficlent backtracking procedures. Such procedures, however, are
Jlacking in the IPL-V language (Newsll, Tonge, Feigenbaum, Green, Kelly, and
Mealy, 1564) in which GPS is implemented. Problem sotving programs that were
cevelicped after GPS using more advanced programming languages have much more
sophisticated heuristics for detecting and resolving confilcts among subgoals

(STRIPS, Fikes, Hart, and Nilsson, 1972; NOAH, Sacerdoti, 1975). Thus, we
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conclude that GPS's failure to emulate or surpass human performance on Hobbits—
Orcs is due To the particular deTails of the implementation of the concepis
underlying GPS and not due to the unreascnableness of basic ideas like means-
ends analysis.

Simon and Reed {1976) have developed a model for a stightiy more complex
variant of the Missionaries and Cannibals probiem (5 Missionsries, 5 Cannibais,
and a boat that holds three fravellers) that is very simifar in many respects
to the model proposed in fnis paper. Simon and Reed's basic assumption is fhat
subjects use one of two strategies in selecting a next move: The balance
strategy or the means-ends strategy. When using the balance strategy sutjects
atfempt to keep the number of missionaries on each side of the river egual
+o the number of cannibals on that side. The means-ends strategy leads subjects
.To move the maximum possible number of travellers when going from ieft o right
and the minimum number going right to left. Observe that either one of these
strategies can be represented in our mode! by incorporating appropriate terms
in the evaluation function. The balance strategy would be represeated by a
term with a high welighting for pairs, while The means-ends strategy would pbe a
term with a high weight for the number of traveifers on the right {goal) bank.
Also, The particular fixed roticing order assumed by our model could be character-
ized as representing a mixture of the Two strategies.

The strategy shift model assumes that all subjects start off using the
balance strategy and on any move can shift with some probability (the strategy-
shift paremeter) to the means-ends strategy. At each state subjects wiil take
the best move as defimed by their current strategy with a probability specified

by the use-currenf-strafegy parameter. This latter probability increases as a
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B . . . Gres and related problems, and that we can explain many of the phenomera ob-
function of trial number. Otherwise, subjects randomly select a next move.

The anti-looping parameter is the probability that a move leading to the served oy Thomas, Greeno, and Reed, et al.
Just visited state will be rejected; this farameter alsc increases over triajs. The
strategy shift model does not attempt to account for illegal moves, although METHOD
one could incorporate an 1llegal move process similar to the one p.roposed

The two experiments had identical designs and very similar procedures. In
in this paper.

R . both experiments different groups of subjects solved Hobbits=Orcs or one of
Of the aiternative theorles of the solutlon processes for Hobbits-Orcs

. N . three isomorphic probiems: Elves and Men-| (Greeno, 1974), Eives and Nen-11,
that have been discussed, the Simon and Reed strategy shift model is the most

. . N and Silver and Gold. The second experiment was a replication of the first with
similar fo the theory proposed in this paper. Both theories assume that moves

. R . . slight changes in the instructions in order to increase the rates of illegal
are selected on the basis of local information, that subjects do not plan

P . moves and errors. The primary purpose of these studies was to demonstrate the
move sequences, and that means-ends heuristics are used in these tasks. Thus, .

: . eneral ity of Atwood and Polson's (1976) assumptions by showing thet the rocel
it would seem that the two modeis share primary, underlying assumptions. In g 4 4 4 9 =

. . could fit the data frem all four problems. A secondary cbjective was 1o gzin a
adeition, both models reject moves that tead to previousty occupied states,

. N better understanding of the problem by examining the effects of very different
both attempt to seiect optimum moves (as defined by the current strategy), and

. R isomorphs on performance.
both randomly select moves 1f other move selection processes do not result

in the choice of a move. Subjects

Eariier, we pointed out that Thomas (1974), Greeno (1974), and Reed, et al.

. N . The first experiment used 100 subjects who were recruited Through a news-
{1974) all concluded that subjects organize the problem into a small number

. . aper advertisement ana were paid $2.00 for participating in the experiment.
cf "cognitive states™ that involve successful planning of forward move sequences. . pap P P P 9

. N 5 Subjects were randomly assigned to one of the four experimental conditions; thus,
None of these authors develop explicit process models incorporating such an

. . R 25 subjects solved each isomorph.
assumption. Clearly, the strategy shift model and the theory developed in

. in the second experiment, there were 152 students from introductery psychology
this paper have no pianning mechanisms, and thus the two classes of theories

. N . . . courses who volunteered to participate in partial fulfiiiment of a course require-
have very different basic assumptions concerning probiem solving processes.

N ment. They were randomly assigned to one of the four experimental conditions
We will attempt to demonstrate the valicity of our model derived from Atwood v Y ¢ 7

. ith 35 subjects to each isomorph. Ten subjects were not included in the analysis
and Polson's (1976) assumptions by showing that we can fit data from Hobbits- " J P J B
and were replaced because they faiied to solve the protiem or To make 10C lezal

moves within one hour. Data from two subjects were lost due to computer failures.
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Problems

The structure of all three isomorphs Is identical to that of the Hobbits-
Orcs problem presented earlier and in Figure 1. The problem statements for
the four different isomorphs are presented below:

tebbits and Orcs Once upon a tTime,in the last days of Middle Earth, three
Fobbits and three Orcs set out on a journey together. They were sent by the
great wizarg Gandalf to find one of the lost palantiri, or oracle stones.

In the course of their journey, they come to a river, On the bank is
a small rowboat, All six travellers need to cross the river but the boat will
hold only two of them at a time. )

The Orcs are fierce and wicked creatures, who witl try tc kill fthe Hobbits
if they get the opporfunity. The Hobbits are normally gentle creatures, but
are very good fighters if provoked.

The Orcs know this, and will not try to atftack the Hobbits uniess tThe
Orcs outnumer the Hobbits. That is, the Hobbits will be safe as long as
there are at least as many Hobbits as Orcs on either side of the river,

Elves and Mena!. The same text as Hobbits anc Orcs except that the
word "elves" replaces the word "Hobbits" and the word "men" replaces "Orcs".
The last two paragraphs are changed to read:

Although the men and elves are frienaly, The elves are very nervous among
big people. The elves will be so uncomfortable if they are ever outnumbered
by the men, that they will simply disappear and not return.

The men know this, so both groups want to be sure that there are always
at least as many eives as men on either side of The river.

Elves and Men=ll. The first two paragraphs are the same as Elves and

Men-1. The text continues as follows:
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The crossing is complicated by the need to consider the eives' customs.
The elves on the bank will either talk among themseives or mingle with the men.

1f they join the men, courtesy requires that each elf pair up with ex-
actly one man. There must never be anyone teft unpaired - man or eif.

If the elves choose to talk with each other, a superstition demands
+hat there be at lesst three elves in the group.

The customs aliow the elves o talk among themselves even if there are
men nearby.

These customs are believed so strongly by the elves that, if they are
violated, the elves will disappear and not return. So whenever the boat is
loaded, the travellers must ensure that those who remain on the bank can comply
with the rules of pairing elves with men or of having three elves in a group.

Silver and Gold. Once upon a time, in a far away place, there lived a
monk who was the guardian of the temple of the three silver and three goid
magic talismans. The monk has been ordered to deliver the talismans fo the
dedication of a new femple. He must cross the enchanted forest of Rangimali
fo get from one temple to the other.

The talismans must be carriéd through the forest in a special box. All
six of the talismans need to be taken across the forest, but the box will hold
only two of them at a time.

The three silver talismans are the sacred symbols of the goddess Silverina.
The Three goid falismans are those of The god Goldmund.

Silverina will protect any temple which holds one or more of her talismans.
She becomes very upset if, in any temple under her protection, there are more

talismans dedicated to Goldmnund than to her. I+ the monk should accicdently
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allow this to happen, Siiverina will strike him dead. Goldmund, on the other
hand, is an easygoing god, who doesn't mind if his talismans are outnumbered.

To overcome the hazards of the forest, the monk must always carry at
least one talisman with him whenever he crosses the forest. Either a silver or
a gold talisman or both can protect the monk, but he cannot cross the forest
alone.

In the remainder of the paper, experimental conditions will be referred
to by the title of the isomorph solved by subjects in that condition or an
abbreviation: Hobbits and Orcs (HO), Elves and Mer~t (EM-1), Elves and Men—

VI (EM-11), and Silver and Gold (SG).

Apparatus

The execufion of these experiments was controlled by a Xerox Sigma 3
computer. The problems were presented to the subjects on a IV Phase System
CRT Display Terminal. The subject responded by pressing buttons mounted on
a box that was located in front of thedispiay terminal. The three rightmost
of the five buttons were tabelled (left to right) SEE IT, DO IT and ERASE,
respectively, for atl conditions. The two buttons at the left side were labeiled
HOBBIT and ORC for the HO group, ELF and MAN for both EM groups, and SiLVER and
(LD for the SG isomorph. Presentation of the instructions and the problem
and data recording were performed by a program written in FORTRAN V.

From one to six subjects were run concurrently under the control of
the CLIPR/RBM Operating System. The procecure was subject paced.
and an independent sequencé of events was presented to each subject. Each pair

of terminals was in a small room off a large common room.
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Procedure

The subject was given general instructions about what to expect from the
experiment and then taken into an experimental room. Detailed insiructions
concerning botn the problem and the method of responding were presented on The
CRT, which the subject read at his own pace, paging forward and backward by
pressing the buttons labelled DO IT and ERASE, respectively. The instructions
for the two groups differed only in that subjects in Experiment i read a single
screen review (12 lines of text) of the instructions just before they began
the problem. In both experiments, once a subject started the probiem, he
could not return to the instructions. There was a separate button on the tabie
beside the display that enabled the subject to call the experimenter if he had
any questions. -

Insert Figure 2 about here

A sampte display from the Hobbits ana Orcs isomorph is shown in Figure 2.

The Elves and Men conditions had E's instead of H's and M's instead of O's.

The Silver and Gold condition had TEMPLE replacing BANK, FOREST instead of RIVER,
and S's and G's in place of H's and O's. For half of the subjects the fwo lines
representing the travellers (the H's and 0's) were reversed.

The subject entered a move by pressing one of the two leftmost buttons
once for each creature he wanted to load into the boat. No changes appeared
on the display. When he had {illed the boat to his satisfaction, he pressed tThe
SEE IT button. The boat and the "from" bank were then changed to refiect his
move choice, and the message "DO IT OR ERASE" appeared at the botiom of the
screen. He then pressed DO IT if he wanted to compiete the move. The boaT was

erased from that side of the dispiay, reappeared on the other side, and wes
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Figure 2.

“The display as seen by the subject at state 9 of the Hobbits-Orcs

problem. The subject has Toaded the boat to make the move to state 8.
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emptied. This process took about five seconds. The subject could press the
ERASE button at any time before he pressed DO IT. That caused the message
"ERASED" fo appear atthe bottom of the screen anc, if the boat had been loaded,
caused all the creatures to be returned to the tank.

if the subject made a nonsense error (three in the boat, etc.), an appropriate
message appeared on the bottfom of fne screen immediately affer he pressed the
button that resulted in the error, and that move was restarted. |f he made
an illegal move choice, the message did not appear until he had pressed DO IT.
For the &7 condition the message "THAT WAS AN ILLEGAL MOVE. THE ORCS WILL ATTACK
THE HOBBITS." appeared for 3 seconds. For the other conditions r‘he message was
similar, but appropriate to the cover story. After the iliegal move message
appeared, the display returned to the beginning of the move.

The subject worked on the problem until he solved if, he made 100 iegal
moves without solving, or one hour elapsed. Only two subjects ever made 100 legal
moves within the one hour time limit without solving. They were both in the SG

group of Experiment 1.
RESULTS

We edited all protocols to eliminate extraneous moves that we felt were
due to one aspect of our procedure. A subject had to mske a sequence of button
presses terminated by pressing SEE T before a move was displayed on the screen.
The purpese of this restriction was to compel a subject to seiect a move and
then rapidiy execute the response sequence to enter the chosen move. The latency

data suggest that we were successful. All variations in iatencies as a
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function of problem state were confined to the time between the presentation
of the results of the previous move and the first button press; all other
inter-response times were befween one and two seconds.

We eliminated from the analyses all ERASE responses when no travellers or
talismans had been selected and long latency (> |5 sec) errors in which SEE 1T
was the first button pressed. Anofher class of response sequences that we
eliminated were erased moves that were re-entered immediately. In such cases,
only the fast move in a sequence of re-entries, whether taken or erased, was
included in the analysis. We also ignoredthe second move in a sequence if the

subject made the same nonsense error twice in succession by pressing exactly

‘ the same seguence of buttons.

Because our procedure permitted a subject Yo see a move before he took
it, ne was able to ascertain whether the move was illegal before taking it.
Thus, we decided, after the fact, to recode erased moves into iilega! moves
if the move erased was illegal and the subject had pressed the SEE IT button
before the ERASE button.

Applying the transformations described above to the data from both
experiments, we eliminated 663 of the erased moves and 35% of the errors.
The percentages of errors and erased moves eliminated were constant across
isomorphs., Transforming erased illegal moves into illegal moves increased
the number of illegal moves by 14%. The analyses reported in the following
section were done on both the transformed and uniransformed protocols. The
fransformations had no effects on the overall results.

The edited data from the two experiments werecombined for the purpose

of analysis. Separate analyses were performed for legal moves (both forwaro and
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tachwara), illegal moves (moves leading to states in which Orcs outnumber
+obbits on one bank), errors (e.g. three +travellers in the boat}, and erased
moves. Tne means and standard deviations are presented in Table 1. The
cesign was a 4 X 2 factorial with the first factor being isomorphs and the second
reing replications. The replications factor confounds two variables: paid vs.

volurteer subjects and modifications of the instructions.

{nsert Table 1 about here

T~ere were no significant main effects or interactions in the anatysis

of tne iegal move data (all _F's < 1.0). For illegal moves, there were signifi~
cant differences across isomorphs, E(3,232)= 4,32, p< .91, and replications,
F(1,232) = 5.56, p < .02. The interaction was not significant. The same pattern
was cuserved for errors: isomorphs, F(3,232) = 4.25,p < .01 replications,
U1,232) = €.42, p < .02, The analysis of the erased moves showed no signifi-
cant gifferences or interactions although the p values were approximately .10
for toth main effects. Given that ail interactions were small, (ail p values

> .I0) we dacided to combine the data from both experiments in all further
analyses.

s next investigated whether there were different patterns of legal and
iliegal moves for the four isomorphs. We wanted to examine possible differences
in the profites of legal and illegal moves plotted as a function of problem
s*ate for the different isomorphs. A group (isomorphs) by repeated measures
(problem states) (Grant, 1956) analysis of variance was employed in these
aralyses. For legal moves we reduced each subject's protocol To a 15 item vector
witn the elements being the number of times he entered each of the legal states

of The proolem. For iliegal moves, a six item vector was generated for each

t
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subject with each element being the number of illegai moves made while in
states 2, 5, 7, 8, 9,and 10 of the problem ( See Figure 1). These states
accounted for 67% of the illegai moves. Stafes 1, 3, 6, i, and i5were not
inciuded because no iilegal moves are possible from these states. State 4 was
eliminated because some subjects did not enter this state and thus had ro chance
to meke illegai moves fromthis state, States 12 an¢ 14 were disregarced
because out of 240 subjects, only fwo illegal moves were made from these states.
The mean number of enfries per state for each of the four isomorphs is shown

in Figure 3, and the mean illegal moves are shown in Figure 4.

Insert Figures 3 and 4 about here

The analysis of variance for The legal move deta strongly confirms the
impression given by Figure 3. There were no differences in overali jerformsnce

among the four isomorphs nor were there differences in the profiles; *ne F's

_for between groups and the groups by repeated measures interaction were both less

than 1. The differences as a function of probiem state shown in Figure 3
are highly significant, £ (i4, 3304) = 79.15, p < .0001.

The illegal move analysis showed highly significant differences between
isomorphs in both total number, F(3,236) = 7.25, p < .001, and profiies, ©(15,i180)=
3.31, p < .001. Tne differences as a function of problem state are also highly
significant, F(5,1180) = 94.93, p < .000%. Examination of Figure 4 suggests
that the profife differences are due primarily to variations in illegal move
rates at states 5:(0H,10,L) and 8:(2H,20,R), the two states with highest iilegal
move rates. As shown in Figure 4, the relative numbers of illegal moves made
in these two states seem to differ widely for The various isomorphs. For HO

and EM-1, many more lifegal moves are made at state 5. This pattern is reversed
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for EM-11, and approximately equal numbers of illegal moves are made in these
two states on the SG isomorph.

Since the differences between the iscmorphs appear to be focatized in the
illegal moves and other errors, we decided fo investigate these more closely.
In particular, we wanted to determine if a significant percentage of the errors
or iitegal moves were due to subjects not encoding the rules as they read fhem,
but rather "learning by doing". In that case, we hypothesize, subjects should
make many more errors early in the problem than toward the end. We divided
each subject's error and illegal move data into Vincent quartiles and applied the

Chi-square test of stationarity developed by Suppes and Ginsberg (1963).

For the illegal moves we found large differences across quartiles
(10 £(3) = 52,645 EMets JE(3) = 31,135 BM-LE (3 = 36.80; 56 £ (3 =

30.08; ail p < .001). However, this was enfirely due o a decrease in the illegal
move rates for the fourth quartiie. Considering only the first three quartiles,
we get no differences for three of the isomorphs (HO: xz(Z) = 1.65; EM=1:

xZ(Z) =.382; 5G: xz(Z) = 2.28), EM=1 fails the stationarity test ()(2(2) = 6.02,
p < .05), but the pattern is not one of a decrease in illegal moves; the per-
centage of moves that are illegal in each of the first three gquartiles for this
group, are: 214, 30%, 26%, respactiveiy.

For the errors other than illegal moves there was evidence that subjects
learned not to make these errors as They worked on the problem. Be;ause some
of the cell frequencies were too iow, i was not possible to test each type of
error separately, but a stationarity test was done on the three types of errors
combined, for all four quarfiles and for just the first fnree quartites. in

both cases, for ail the isomporhs except HO, there was 3 significant decrease over
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quartites (4 quartiles - HO: x2(3) = 5.69, P < 20; EM-1: )(2(3) = 26.83;
112 ,2(3) = 22.29; G: £<3) = 33.83; all p < .001. First three quartiles -
HO: F(2) = 3.91, p < 205 EM-1:x (2)715.20, p < .001; EM-i1:5(2) = 1031, p <
.01; SG: XZ(Z) = 28.14, p < .001). {n the three isomorphs for which the ce'crease
was significant, at least nhalf of the errors were made in the first quartife.
There appears to be a floor effect operating in the HO isomorph. Approximately
the same number of errors are made in the last haif of the probiem by subjects

in all four conditions; those in the HO group, however, made many fewer errors

on the first half of the problem.

Simuiation Results

The modei is realized as a FORTRAN program. Each run involved the simula-
tion of the performance of 250 subjects using fixed parameter values. A set
of best fitting parameters for the Hobpits and Ores congition was founc oy a8 coarse
grid search followed by local relaxation. In fitting the other isomorphs
we distinguish between two types of parameters: fixed, or common, and variatie.
Those parameters that are part of f_he mears-ends and memory processes we calliec
fixed. We assume that the values of Tnese parameters are dictated either by
the structure of the task or by the strategies the prosiem-solver brings To ire
task and should not vary across isomorphs. The fixed parameters are: ai,
the probabilify of taking the i'" new move in the noticingorcer in Stage | if
it is acceptable; 8, the probability of taking an acceptable recognized move
in Stage 1; s, the probability of storing & representation of a state in L
and, r, the number of maves that can be accurately retained in STM. We kep™ these

parameTers constant over all four isomorphs. The variable parameters are thcse
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that we believed are affected by the cover story. They finciude the iilegal
move detection parameters and the evaluation function. These parameters were
manipulated to fit the different isomorphs. The values of all parameters are
given in Table 2.

insert Table 2 about here

The predicted means and standard deviations for legal and illegal moves
for the different isomorpns are shown in parentheses in Table 1 next to the
observed values. Figure 5 compares the predicted and observed resuits for
visits to legal states; Figure 6 gives the same information for moves to
illegal states. 1 tests were used fo evaluate differences between predicted
and observed means and F tests were used for the variances. The largest
difference between the observed and precicted means was for the EM-| iilegal
moves (1(308)=1.81, p > .05). The other comparisons all produced 1 values of
less than 1.0. The variance comparisons showed that the model's legal move
variances were consistently high {(all p < .01). We believe that this is due
to our decision fo discara the data of subjects who neither solved the problem
nor made 100 legal moves within our one hour iimit. in e given simutation run,
approximately 5% of the predicted legal moves to solution were greater than 50;
of our 240 subjects, This only occurred 5 times. For Tllegal moves, the

variance comparisons yielded the following E ratios - HO: f(60,250) = 1.14,

p > .25; EM-1: F(60,250) = 4.12, p < .01; EM=1i: F(60,250) = 1.78, p < .01}
SG: F(€0, 250)= 1.05, p > .25. The distrivution of number of legal moves to
solution obtained from the model was compared to the data via the Kolmogorov-

Smirnov two-sample test; no significant differences were observed.
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{nsert Figures 5 and 6 about here

We also evaluated the correlation between the predicted and observed
state-to-state transitions. For every state we compared the number of times
subjects made the move to each successor of that state with the mode!'s pre-
dictions. Considering lega! move transitions only, the correlations for the
HO isomorph and both EM groups were .98; for the SG isomorph the value of tne
correiation was .97. Taking lato account poth legal and illegal move tran-
sitions, ths correlation for the EM-I group was .94; the other three isomorphs
al! produced correlations of .97.

As Figures 5 and 6 show, qualltatively T’he overall fit is quite good.
There are minor instances of misfit in the legal moves, but they vary from
isomorph to isomorph, and thus could be attributed to sampling error. in
fact, we conclude that the fit to The iegal moves is excellent.

As Figure 6 indicates the model is able o account for the illegal move
data quite well, except for one point that it consistently underestimates:
the illegal moves made at state 5: (OH,10,L). There are two possible illegal
moves aT this state, but the one that leads to 21:(1H, 20,R) is greatly pre-
terred to 20:(2H,10,R). For some isomorphs This error is made more than 1.5
times per subject. Even if we set the probability of detecting this illegal
move to 0.0, the model would not make any illegal move that frequently, simply
because the memory processes would cause the move to be rejected by most
subjects after it had been made once. We do not have any conjectures about

what causes subjects to be so seduced by this move.
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Evaluation Functions

Subjects in the various isomorphs showed very different patterns of
Illegal moves (See Figure 4). The mechanisms in the modei that lead fo
distinct patterns are the evaluation function and the 1liegal move filter.
We assume that the evaluation function results from the subjects' compre-
henston of the cover story. Although we use mathematical formuiae to
represent the subject's evaluation of considered positions, we do not believe
he actually performs those calculations on the moves he analyzes, but rather
that his evaluation of The relative goodness of various moves is Txommorphlc
with the values produced by the expression incorporated into the model. The
actual numbers generated by our functions are meaningless; what is important
is the value of the evaluation of a state relative Yo that of its successors,
aspecially in relation to The acceptabitity criteria. Any combination of
function and acceptapiiity criterion that produced similar patterns of
acceptable and unacceptable moves would be equivaient to the parficular
functions we have chosen.

we found that a very wide range of evaluation functions produced similar
patterns of iegal moves. In fact, an acceptable fit to the legal moves can
be produced by almost any function of the form:

e = aH+bO+cP (2>

where H is the number of Hobbits, elves, or siiver talismans on the right
bank, O is the number of Orcs, men, or gold talismans on the right, P is the
number of pairs on the right, and a, b, and ¢ are weighting factors, subject
to the constraints that a,b > 0, ¢ 2 0, and a = b. We consider the insensitiv-

ity of the model fo changes in The evaluation function strong evidence for the
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processes we postulate, since subjects' performance was similarly insensitive
to our manipulations of the cover story.
The evaluation function used to fit the HO isomorph is:

e, = 3H+0+2P 3

with the addition of a rule that made the transition from state 5: (CH,10,L)
+o state 6: (OH,30,R) unacceptable. (A constant was subtracted from the
evaluation of state 6 so that

N < _eé + SL.) 4
This evaluation function embodies a strategy of getting Hobbits over to The
right before Orcs, whiie trying to keep as many pairs as possible on the right
bank.

The unacceptability of the fransition from state 5 to 6 is related To
the phenomenon Thomas (1974) and Greeno (1974) call "not trusting tne Orcs.”
There is something about the configuration of three Orcs alone that subjects
find very undesirable. We found in post-experimental interviews that some
subjects considered this move as teading to a "dead-end," but they were unable
to explain conerently why this was so. wWhen this transition is acceptable,
not enough visits to states 3:(0H,20,R) and 4:(1H,10,R) are made; with it
unacceptable, subjects make foo many such visits, but the fit is noticeably
better. This seems to be an indication that indivicual differences are rot
as unimportant as our mode! has assumed them to be.

We doctored the evaluation of this one state rather than incorporate an
evaluation function which had the requisite dip at that point for two reasons:
1) we felt that the unacceptabiiity of state & was due to a different process

+han the ones which caused other moves to be unacceptable, and 2) such an
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evaluation function would of necessity be highly non-linear, which we felt
was psychologically implausible.

We used the same evaluation function to fit EM-1 as we used for HO,
except that the move fo (0H,30,R} kept ifs original acceptable evaluation.
(Perhaps Greeno and Tnomas's original conjecture was correct; subjects in HO
"3id not trust the Orcs,” and the EM-i isomorph eliminated this obstacle.
However, the structure of the problem is such that this difference is only
weakly reflected in the legal move data.) The pattern of illegal moves is
very similar for the HO and EM-1 isomorphs, except that the absolute number of
errors Is higher for EM-1. Again the best fit seems to be somewhere between
having state 6 acceptable and unacceptable, but in This cese closer to
acceptable.

The evaluation function used to fit EM-il is

e = ZHHOHIP, (5)
The cover story for this isomorph stresses the need +o keep the men and elves
paired; thus this evaluation weights pairs more than the previous ones do.

The SG isomorph was fit with an evaluation function of

e = 2H20+P (6)
1

with a constant subtracted from the evaluations of state 6:(0H,30,R) and state
J1:(7H,60,0L) to make them both unacceptable. With this function silver
talismsns (H's)are not glven preference over gold talismans (0's), and The
strategy of meximizing the number of pairs is present to a lesser extent. The
motivation for making state 6:(0H,30,R) unacceptable was the same as for the
HO group. The mirror Image of this state in the t’cner hatf of the graph is

also unacceptable fo this group. A possible explanation for this fact is that
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the SG group is confusing states 6 and 11. Thus, state 11 is perceived as
both an old state and anundesirable state. In post-experimental interviews,
subjects in the SG group tended to exhibit more confusions about which talismans had
which properties than subjects in the other groups. |If the subjects are
iess able To distinguish between siiver and golid talismans than between the other
types of creatures this wouid account for the state confusions.
Associated with each of these evaluations functions are values for § anc

5R’ +he acceptability criteria. For all four iscmorphs, 6L =0, i.e.,
a move is acceptable from any state with the boat on the left so iong as
it leads to a better evaluated state. GR depends on the range of the
evaluation function. We could have kept BR constant by normalizing ali The
evaluation functions, but we felt they were easier to interpret when they
only took on integer values. The evaluation function for HO and both EM iscmorphs

ranges from O to 18; for these isomorphs €R=5. For SG the function's range is

from O o 15; the associated 6p=

a

Lega! Moves

There were two situations where the model had difficuity matching the legal
move data. One was in visits to state 1:(0H,10,R). Subjects almost never
made the move into state 1. While this was an undesirabie move for the mocel, it
was still taken more frequently by the model than by subjects; this is because
in Stage Il any new move will be taken eventually, and in Stage ifl any move can
be taken. State 1 is clearly a dead-end; the travelier that was just taken
over must return with the boat. Apparently mcst subjects were able to [ook ahead

at this level. Evaluation of a single successor of the currentiy considered
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state seems o be an upper limit to subjects' abilitles to look ahead. Consider
state 5:(0m,10,L). A subject who is capable of better look-ahead should reject
the move which takes him to state 3:(0M,20,R), since its only two successors
return him either o nis current state or the start state. However, this transi-
tion was freguently taken. Because we di¢ not want to incorporate a look-

ahead process just to account for one transition, the mode! was modified to never
make the move to state 1.

The second point of mismatch was the number of times subjects went from
state 4:(1H,10,R) back to the start state. The phenomenon that we think accounts
for this disparity is subjects' failure o encode the need for a round frip.
Several subjects moved a Hobbit and an Orc on their first move, did the same
on their second move, and Then called the experimenter to compiain that "the
computer wasn't working right", because it had taken their travellers from the
right bank instead of the left. We assume this move sequence occurred meny more
times than subjects reported it. We incorporated this phenomenon by arbitrarily
having the mode! make the move from 4:(1H,10,R) to 2:(0M,00,L) 10% of the time

it was possibie, before even considering any otner moves.

tllegai Moves

The values of the iilegal move detection parameters used to fit each
isomorph are shown in Table 2. We believe tnat the failure to
detect an illegal move occurs when the subject exceeds his resource }imits.

In such circumstances the process that determines whether a move results in

an illega! state does not consistentiy return the correct answer; in fact, the

Hobbits-Orcs
36

test may be skipped entirely if the subject is operating right at his resource
timit. The amount of resources required to choose moves, evaluate them,
and decide if they are legal should be related to how difficult the cover story
is to encode and how compiex a representation it produces. The means for errors
and illegal moves seem to indicate that the order of difficulty for the four
isomorphs is: HO < EM-1 < EM-11 < SG. The detection parameters generally re-
produce this ordering. The one exception is EM-11, which has a detection
parameter pattern different from any of the other isomerpns. Recall that this
isomorph is the only one for which illegal states are not defined as occurring
when one group outnumbers the other. A move in EM-11 is illegal if either group
outnumbers the other, except when all three elves are together. The distinction
between near side and far side viotations does not apply in this version, as
any illegal move will violate the rule on both sides of the river. Similariy, the
distinction between easy and hard to cetect illega! moves does not ofply. As
a result, in EM-il, we have effectively only one error parameter.

Tne essential point of the illegal move process is that iliegal moves are
consicered in exactly the same fashion as legal moves. Tnis implies that
frequently faken iliegal moves sl"sou'wd be both acceptable and Righ in the noticing
order. The.data show exactly this pattern. White we are unable to account for the
actual frequency with which illegal moves are made at state 5, tne model doss
predict that a large number of illegat moves will be made from this state. The
illegal move detection parameters describe Theoutcome of the legality checking
process. Certain tests will give erroneous results more frequently than others;

moves that fail those tests are more likely to be taken.
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DISCUSSION

One striking result of this study was the extreme consistency of subjects’
patterns of legal moves, even with problems having very different cover stories.
ln addition, our legal move means and patterns are very similar to those ob-
tained by others in their experiments with This problem  (Thomas, 1974; Greeno,
1974; Reed et al., 1974; Reed and Abramson, 1976). Perhaps even more sur=-
prising was the fact that the model produced essentially this same pattern of
legal moves over a wide range of parameters and evaluation functions. We con-
sider this a strong test of the modei. In particular, our assun‘lpﬂon that the
iliegal move detection process interacts only minimally with The rest of the move
sefection process is borne out; we obtained very different illegal move patterns
for the four isomorphs, but this had almost no effect on the pattern of iegal
moves.

The invariance of legal move performance was at first puzzling. We do
nct believe that the four cover stories-caused all the subjects to infer the
same problem representation; the stories are too dissimitar. Simon and Hayes
(1976) have shown that diHeren;r cover stories can produce diiferent represen-
tations that lead fo large variations in performance. However, in this problem,
performance is limited by the structure of the graph. Subjects' progress
through the problem is memory-driven. |f a subject tries to avoid backtracking,
i.e., not take the move that returns him to where he just came from, often his
only remaining legal move choice is the move that takes him closer to the goal.
The mode!l uses just such strategy: In Stage |, the move to the just visited
state is never taken, and a move to any other "oid" state is taken oniy with a

tow probability (8). In Stage 1l the subject is actively seeking new moves;
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he will onty enter The third stage if all the successors of the current state
have been visited before. We also found in fitting the model that the most
sensitive paramefers were s, fthe probability of storing a move in LTV, and B.

QOther investigations of Hobbits-Orcs (Thomas, 1974; Greeno, 1974; Reed
and Abramson, 1976) and its homomorph, Jealous Husbands, (Reed et al., 1974)
have produced a pattern of results similar to ours: a mean of 18-20 legal moves
+o solution for naive subjects, states 5:(0K,10,L) and 8:(2H,20,R) as the
hardest states, and the most illegal moves made from those two states. However,
these authors conciude that subjects attempting to solve this problem progress
through a series of "cognitive states", each of which encompasses several
problem states. Thomas is led to postulate such a construct because the
pattern of moves from certain states does not have the Markov property, i.e.,
the probability of choosing a particular successor is not independent of the
number of times the state has been previousiy visited. Thomas points cut that tne
non-Markovian nature of the move choices indicates that memory for previous
attempts enters info the consideration of a move; our model incorporates just
such an assumption. He was led by this result to conciude that the move selec-
tion process had to involve consideration of mutti-move ssquences.

Greeno (1974) postulates look-ahead to account for the difficulty of states
5 and 8. |f these states are the final moves of a sequence of moves, then subjects
begin planning a new sequence at these states and are tikely fo make many errors.
Within a pre-planned sequence, fewer errvors should te made. Ve are able to
account for the difficulty of states 5 and 8 without assuming multi-move look-
ahead. The difficulty of these states is as much due to the structure of the

protlem graph as it is due To the strategies of the problem solver. State 8 is
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the oniy state that requires the subject to violate a general means-ends
strategy; he musttaketwo creatures back to his starting bank. This causes
state 9: (1H,10,L) to be evaiuated as unacceptable in most evatuation functions
of the form of (2), since there are two fewer travellers and one less pair on
the right bank.

State 5:(0H,10,L) is difficult because it is the only state from which
there are two moves other than a return to the just previousiy visited state,
but only one of these leads cioser to The goal. The model shows that this
structural property can account for most of the difficulty at ?hié state. in
two isomorphs we also added theconstraint that the correct forward move be
unacceptable. The fact that the state 5 was one of the most difficult states of
the problem is further evidence that the structure of the graph is the main
determinant of performance on this problem.

The strategy-shift model proposed by Simon and Reed (1976) for the 5
Missionaries-Cannibals problem shares many basic assumptions with tne model
developed in this paper. Unfortunately, Hobbits-Orcs is not an adequate protlem
for differentiating between the two ftheories. In the majority of cases, both
the balance strategy and the means-ends strategy would choose the same move.
Mcreover, as we have shown above, behavior on this probtem is memory driven,
and the two models have similar memory assumptions.

It seems relevant to point out that what Simon and Reed call the “balance
strategy" is highly confounded with a strategy of "get Hobbits over first" in
toth the 5 Missionaries-Cannibals problem and Hobbits-Orcs. The only legal
states that inciude Hobbits on the rightbankare "paired" states until atl the

Hobtits are on the right. Once the Hobbits are all across, a stragegy of "now
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get the Orcs over wouid be equivalent in its move choices to the means-ends
strategy. A model using this single strategy (get Hobbits over first, then
get Orcs over) throughout the problem would produce move patierns simitar
to the strategy shift model. Our model incorporates attributes of the "balance™,
the "Hobbits first", and the "means-ends" strategies. For exampie, the evalua-
tion fuaction conTains terms for all three. Similarly the roficing order operates
to first consider moves that keep the largest number of travallers on the right
bank, bui also perfers HO to HH.

We consider the model presented in this paper to be a non-trivial generaliza-
zation of the Atwood-Poison (1976) model for water jug tasks. The Two fasks
are differentin many ways. in water jugs the unacceptability of The correct
move is a major source of difficulty. In this problem, performance is much more

in

memory driven. The evaluation function serves a very different -.r
the two tasks. In the water jug problem subjects used the evaiusticn tunction to
help them find a "better" state. In Hobbits-Orcs for half the moves {i.e.,

when the boat is on the right bank), ail successors iead to "werse" states. The
evaluation function is used to choose states that are not "too bac". For The
other haif of the moves, any choice will Improve The current pesiticn; for tnose
the evaluation function does iittie to help the subject eliminaTe siternatives.

Our initial conjecture about this problem was that its sfructure might

encourage subjects o use very different processes +han the ATwood-C2ison model
assumes. The fact that the model agrees so well with observea cenavior contra-
dicts this hypothesis and gives us more evidence that the processes we postuiate

in this mode! represent the general strategies subjects use when confronfed with

a completely unfamiliar probiem.



Hobbits=-0rcs
41

There are three major differences between the original Afwood-Polson
model and the model presented here. The first is the noticing order. The
water jug model assumed moves were considered in a rendom order. Our fixed
noticing order refiects tne fact that it is possible to assign a vatue to moves
as well as to states in this problem. The subject prefers to try the betfer moves
first. By establishing a fixed order for considering moves, a person is able to
minimize one aspect of his memory load. In the water jug fask, subjects
would also tessen their memory requirements by using a fixed nofici‘ng order,
but there is no one orcer that is suggested by the problem description or by
+he means-ends strategy. hoticing orders for this problem are presumably
idicsyncratic and were approximated by using a random noticing order. interacting
with the fixed noticing orcer is +the idea that a.‘, the probability of taking
the i7" move if it is acceptable and unrecognized, is greater for moves higher in
the noticing order.

The second difference between the two modeis is the flavor of the evaluation
function. The function used for water jug tasks was the sum of the apsolute
differences between the current jugs' contents and the desired (goal) jugs'
contents. We tend Vo beil jeve that subjects mentally performed operations similar
+o this in constructing their evaluations of states. The evaluation functions
used for Hobbits-Orcs are much more artificial. We doubt that subjects multiply
the number of each type of configuration on the right by & constant and sum the
resulting products. Rather we assume the weights represent the relative importance
to the supject of strategies such as "get the Hobbits across", "get the Orcs
across", and "keep the Hobbits and Orcs paired". We have simply condensed a

complex set of perceptual strategies into a mathematica! function.
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Thirdly, the Hobbits-Orcs mocel iries to account for subjects' illegal moves.

{1legal moves are made much morée frequently in the Hobbits-Orcs protocols than
they are in the water jug problers; in some isomorphs, as many as one move
in four was illegal. in fact, we consicer The illegal moves of the water jug
task to be more |ike the nonsense errcrs in Hotbits-Orcs. They may well
represent wrong button presses, desparaTion moves, or testing The computer.

There |s no mechanism in the model That accounts for this apparently rancom

behavior. lllegal move patterns in hobbits-Orcs, on the other hand, are far
from random. The mode! evaluates and chooses illegal moves in exactly the
_same manner as legal moves. All moves are examined by &n iliegal move detection

process before they are taken. We readily admit that we do not have a process
model for this illegal move filter. The model describes the output of this
process - iT is more likely To return the correct result if tne violation
occurs on the same bank as the boat rests or If the disparity between Hobbits
and Orcs is large.

The three differences between the models for Hobbits-Orcs ana tor water
jugs: tne evaluation function, the r.soficing order, and the illegal move
detection filten are reiated To the evaluation of moves and states. Ve
believe that all these processes are actually components of a common framework,
which we call the evaluation structure. This structure is induced by the subject
when he reads the cover story. This fask specific information combines with
the means-ends and memory processes o make up +he move selection procedure.

We feel that the results presented in the preceding section justify our

claim that our theory provides an exceltient account of subjects'! performance

.
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in Hobbits-Orcs and related problems, and that we have been able fo give a
much more rigorous explanation of the phenomena described by other invesfiga-
tors. Qur successes in a radically different task environment strongly
support our assertion that the assumptions proposed by Atwocod and Polson do
in fact describe the processes used by subjects to solve MOVE problems.

Simon and Hayes (1976) report that the details of the cover story
tisomorph) in the Tower of Hanoi problem have very large effects on performance,
and they concluded that the form of an isomorph directly determines the
subject's internal representation of the problem. We found for Hobbits-Orcs
that the form of the cover story had no effect on the number anarpaﬁern of
legal moves, but only changed the rates and patterns of illegal moves. We
were able to describe the iliegal moves for each isomorph by changes in the
evaluation function and the parameters of the iliegal move fiiter. We
argued that manipuiations of the structure of the cover story for the hobbits~
Orcs problem have small effects on perform«?nce because of the structure of the
problem graph, and that subjects seem to primarily use the "choose new
state" strategy in Stage il to soive the problem. We conclude that subjecte
use the same process to solve the various isomorphs, but that changes in cover

story modify two components of the evalustion structure.

I. Atwood, M, E.
solving task.

1976.
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A theoretical analysis of behavior in a sequential problem
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Observed and Predicated Means and Standard Deviations for Legal and Illegal Moves
and Observed Means and Standard Deviations for Erased Moves and Errors
for the Combined Data

Legal Moves
Mean

Standard Deviation

Itiegal Moves
Mean

Standard Deviation

Erased Moves
Mean

Standard Deviation
Errors

Mean

Standard Deivation

®predictions computed

HO

18.63 (18.84)°

10.61 (14.80)2

3.37 (3.00)°

2,78 (2.62)%

0.78

1.32

0.47

0.77

by simulation.

isomorph

EM-1

18.97 (18.38)°

11.05 (13.85)%

6.20

7.26

t.43

(4.44)°

(3.6002

EM-11t

18.67 (18.88)°

9.35 (13.42)?

5.83

5.98

1.02

1.72

(5.70)%

(4,512

S6

20.27 (20.46)°

.77 (1.2

7.35

6.40

1.48

1.65

2.69

Parameter values are given in Table 2.

6.82)2

(6.28)%

a = .70,

| somorph
HO

EM-1
EM-11

SG

I'somorph

HO

EM-1

EM-11

S6

*

Parameter Values Used in the Simulation

B = .15,

TABLE 2

Commor Parameters

5 = .85,

lllegai Move Detection Parameters

NE

.55
.85
.70

.80

IHHOF2PE T

3H+Q+2P
2H+0+3P

2H+20+P*¥

Evaluation Functions

ENH FE
.95 .90
.85 .85
.70 .70
.80 .80

CFH

.75

.60

.70

.50

Program
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N = 250

H = Hobbits on right bank, 0 = Orcs on right, P =

H

pairs on right.

= elves on right, O

= elves on right, O

= men on right, P

right, P = pairs on right

with state 6 made unacceptable

*¥ with states 6 and || made unacceptable

= men on rignt, P

= pairs on ri

= peirs on right

= sitver talismans on right, 0 = gold talismans on




