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CS 61B: Lecture 23
Monday, March 16, 2009

Today’s reading: Goodrich & Tamassia, Sections 9.1-9.3.

Hash Tabl es (conti nued)
Reminder: n is the nunber of keys (words) whose definitions we want to store,
and we use a table of N buckets. The conpression function is

h(hashCode) = hashCode npd N.

Several keys are hashed to the same bucket in the table if h(hashCodel) =
h(hashCode2). This circunstance is called a _collision_.

How do we handl e col lisions without |osing entries? W use a sinple idea
called _chaining_. Instead of having each bucket in the table reference one
entry, we have it reference a linked list of entries, called a _chain_. |If
several keys are mapped to the same bucket, their definitions all reside in
that bucket’s linked Iist.

Chai ning creates a second problem how do we know whi ch definition corresponds
to which word? The answer is that we nust store each key in the table with its
definition. The easiest way to do this is to have each |listnode store an
_entry_ that has references to both a key (the word) and an associ ated val ue
(its definition).
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Hash tabl es usually support at |east three operations. An Entry object
references a key and its associ ated val ue.

public Entry insert(key, value)
Conput e the key’'s hash code and conpress it to determne the entry’s bucket.
Insert the entry (key and value together) into that bucket’'s list. |’mnot
sure why, but Goodrich & Tanaessia’'s interface also returns the Entry object.
public Entry find(key)
Hash the key to determine its bucket. Search the list for an entry with the
given key. If found, return the entry; otherwise, return null.
public Entry renove(key)
Hash the key to determine its bucket. Search the list for an entry with the
given key. Renpve it fromthe list if found. Return the entry or null.

What if two entries with the sane key are inserted? There are two approaches.
Fol | owi ng Goodrich and Tanassia, we can insert both, and have find() or
remove() arbitrarily return/renpve one. Goodrich and Tamassi a al so propose

a method named findAll that returns all the entries with a given key. The

ot her approach is to replace the old value with the new one, so only one entry
with a given key exists in the table. Wich approach is best? It depends on
the application.
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WARNI NG  When an object is stored in a hash table, an application should never
change the object in a way that will change its hash code. If you do so, the
object will thenceforth be in the wong bucket.

The _load_factor_ of a hash table is n/N, where n is the nunber of keys in the
table and N is the nunber of buckets. |f the |load factor stays bel ow one (or

a small constant), and the hash code and conpression function are "good," and
there are no duplicate keys, then the linked lists are all short, and each
operation takes (1) time. However, if the |load factor grows too |arge

(n >> N), performance is domnated by |linked |ist operations and degenerates to
Qn) time (albeit with a much smaller constant factor than if you replaced the
hash table with one singly-linked list). A proper analysis requires a little
probability theory, so we'll put it off until near the end of the senester.

Conpr essi on Functi ons

Recal |l that we map a key to a bucket in two steps:
key --> hash code --> [0, N - 1].
1”1l discuss the second half of this map, the conpression function, first.

Hash codes and conpression functions are a bit of a black art. The ideal hash
code and conpression function would map each key to a uniformy distributed
random bucket fromzero to N-1. (By "randoni, | don’t nmean that the function
is different each tinme; a given key always hashes to the same bucket. | nean
that two different keys, however similar, will hash to independently chosen
integers, so the probability they' Il collide is 1/N.) This ideal is tricky to
obt ai n.

In practice, it’s easy to nmess up and create far nore collisions than
necessary. Let’s consider bad conpression functions first. Suppose the keys
are integers, and each integer’s hash code is itself, so hashCode(i) =i.

Suppose we use the conpression function h(hashCode) = hashCode nmod N, and the
nunber N of buckets is 10,000. Suppose for sonme reason that our application
only ever generates keys that are divisible by 4. A nunber divisible by 4 nod
10,000 is still a nunber divisible by 4, so three quarters of the buckets are
never used! W have at |east four tinmes as many collisions as necessary.

The sanme conpression function is much better if Nis prime. Wth N prine, even
if the hash codes are always divisible by 4, nunbers |larger than N often hash
to buckets not divisible by 4, so all the buckets can be used.

For reasons | won't explain (see Goodrich and Tanassia Section 9.2.4 if you're
interested),

h(hashCode) = ((a * hashCode + b) nod p) nmod N

is a yet better conpression function. Here, a, b, and p are positive integers,
pis alarge prime, and p >> N. Now, the nunber N of buckets doesn't need to
be prine.

| reconmend al ways using a known good conpression function |ike the two above.
Unfortunately, it’'s still possible to ness up by inventing a hash code that
creates lots of conflicts even before the conpression function is used.
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Hash Codes

Since hash codes often need to be designed specially for each new object,
you're left to your own wits. Here is an exanple of a good hash code for
Strings.

private static int hashCode(String key) {
int hashval = 0;
for (int i =0; i < key.length(); i++) {
hashVal = (127 * hashVal + key.charAt(i)) % 16908799;

return hashval ;

}

By multiplying the hash code by 127 before adding in each new character, we
make sure that each character has a different effect on the final result. The
"08 operator with a prinme nunber tends to "mix up the bits" of the hash code.
The prime is chosen to be large, but not so large that 127 * hashval +
key.charAt (i) will ever exceed the maxi mum possible value of an int.

The best way to understand good hash codes is to understand why bad hash codes
are bad. Here are some exanples of bad hash codes on Wrds.

[1] Sumup the ASCII values of the characters. Unfortunately, the sumwill
rarely exceed 500 or so, and nost of the entries will be bunched up in
a few hundred buckets. Moreover, anagrans |ike "pat," "tap," and "apt"
will collide.

[2] Use the first three letters of a word, in a table with 2673 buckets.
Unfortunately, words beginning with "pre" are much nore common than
wor ds beginning with "xzq", and the former will be bunched up in one
long list. This does not approach our uniformy distributed ideal.

[3] Consider the "good" hashCode() function witten out above. Suppose the
prime nmodulus is 127 instead of 16908799. Then the return value is just
the last character of the word, because (127 * hashVal) % 127 = 0.
That’s why 127 and 16908799 were chosen to have no conmon factors.

Wiy is the hashCode() function presented above good? Because we can find no
obvious flaws, and it seens to work well in practice. (A black art indeed.)

Resi zi ng Hash Tabl es

Sonetinmes we can’'t predict in advance how many entries we'll need to store. |If
the load factor n/N (entries per bucket) gets too large, we are in danger of

| osing constant-tine performance.

One option is to enlarge the hash table when the | oad factor beconmes too |arge
(typically larger than 0.75). Allocate a new array (typically at |least twce
as long as the old), then walk through all the entries in the old array and
_rehash_ theminto the new

Take note: you CANNOT just copy the linked lists to the same buckets in the
new array, because the conpression functions of the two arrays will certainly
be inconpatible. You have to rehash each entry individually.

You can al so shrink hash tables (e.g., when n/N < 0.25) to free nmenory, if you
think the nenory will benefit something else. (In practice, it’s only
sonetinmes worth the effort.)

Qovi ously, an operation that causes a hash table to resize itself will take
nore than Q(1) tinme; nevertheless, the _average_ over the long run is still
Q(1) time per operation.
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Transposition Tables: Using a Dictionary to Speed Gane Trees

An inefficiency of unadorned ganme tree search is that sonme grids can be reached
through nany different sequences of noves, and so the sane grid night be

eval uated nmany tinmes. To reduce this expense, maintain a hash table that
records previously encountered grids. This dictionary is called a
_transposition_table_. Each time you conpute a grid s score, insert into the
dictionary an entry whose key is the grid and whose value is the grid' s score.
Each time the mninax al gorithmconsiders a grid, it should first check whether
the grid is in the transposition table; if so, its score is returned
imediately. Oherwise, its score is evaluated recursively and stored in the
transposition table.

Transposition tables will only help you with your project if you can search to
a depth of at least three ply (within the five second tine limt). It takes
three ply to reach the sane grid two different ways.

After each nove is taken, the transposition table should be enptied, because
you will want to search grids to a greater depth than you did during the
previ ous nove.

Postscript: A Faster Hash Code (not exam nable)

Here's another hash code for Strings, attributed to one P. J. Weinberger, which

has been thoroughly tested and perfornms well in practice. It is faster than
the one above, because it relies on bit operations (which are very fast) rather
than the % operator (which is slow by conparison). You will |earn about bit

operations in CS 61C. Please don’t ask me to explain themto you.

static int hashCode(String key) {
int code = 0;

for (int i =0; i < key.length(); i++) {

code = (code << 4) + key.charAt(i);

code = (code & OxOfffffff) ~ ((code & Oxf0000000) >> 24);
}
return code;



