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1 Team Problems

Problem 1. Compute all values of a for which the intersection of the graphs of y > |%’ and y < alz| + 17 is a
region having area 51.

Problem 2. Let f(z) = log, x and let g(z) = 2® — 42 + 4. Given that f(g(z)) = g(f(x)) = 0 has exactly one
solution and that b > 1, compute b.

Problem 3. Compute all solutions to the following system of equations:

2z
- = -1
xlz|+yly] = 24.

Problem 4. Two players are playing a game as follows. Integers NV and M are each selected independently at
random from the set {1,2,...,50}. The players begin with an N x M grid of empty squares. A turn consists
of filling in a single empty square, then filling in all the squares in the same row, and then filling in all the
squares in the same column. The players alternate taking turns until all squares are filled in. Compute the
probability that the player who goes first fills in the last square.

Problem 5. A sequence T1,T5,... is called (a,b)-nacci if Ty = a, T = b, and for n > 3, T, = T,—1 + Ty —o.
Compute the number of (a,b)-nacci sequences of positive integers such that b > a and there exists an integer
k > 3 with Ty, = 50.

Problem 6. Complete the number puzzle below. Clues are given for the four rows. (Answers may not begin with
a zero.) Cells inside a region must all contain the same digit, and each region contains a different digit.

1. Product of two primes b

2. Multiple of 19 L

3. A perfect square

4. Multiple of 1-ACROSS |

Problem 7. Real numbers z, y, and z are chosen at random from the unit interval [0, 1]. Compute the probability
that max{x,y, 2} — min{x,y, 2} < %

Problem 8. Square ARM L has sides of length 11. Collinear points X, Y, and Z are in the interior of ARM L
such that ALXY and ARXZ are equilateral. Given that YZ = 2, compute [RLX].

Problem 9. Compute the number of permutations x1, za, ..., x19 of the integers —3, —2, —1, ..., 6 that satisfy the
chain of inequalities
122 < Tawg < -+ < TgTip-

f % is of the form

Problem 10. Compute the greatest integer n for which the decimal representation o



2 Answers to Team Problems

Answer 1. — %1

Answer 2. V3

Answer 3. (5,—1) and (v/23,1)

51

Answer 4. 106

Answer 5. 37

Answer 6. |---

Answer 7. =

Answer 8. 5

Answer 9. 240

Answer 10. 968



3 Solutions to Team Problems

Problem 1. Compute all values of a for which the intersection of the graphs of y > |%’ and y < alz| + 17 is a
region having area 51.

Solution 1. For a < 0, the graphs of the two functions are shown in the figure below.

In the first quadrant, the two bounding functions are y = § and y = ax+17, so they intersect where 3 = az+17.

Moreover, because the triangle in the first quadrant is half of the total area it has area % Taking the side
along the y-axis as the base, the height is the xz-value where the two lines intersect, hence % 17 -x = 52—1, thus

r=3. Now%:?)a—i—l?,soa:—%.

Problem 2. Let f(z) = log,  and let g(x) = 22 — 4z + 4. Given that f(g(z)) = g(f(x)) = 0 has exactly one
solution and that b > 1, compute b.

Solution 2. Consider the equation f(g(z)) = 0. Because f(x) = logy(x), this equation holds precisely when
g(z) = 1, no matter what b is. Setting g(z) = #?—4x+4 equal to 1 yields the quadratic equation 2% —4x+3 = 0,
which has two solutions, z = 3 and 2 = 1. Now consider the equation g(f(z)) = 0: g(z) has one root at 2,
so f(x) = 2, which implies that # = b?. Therefore, in order for the equation f(g(x)) = g(f(z)) = 0 to have
exactly one solution, b must equal v/3.

Problem 3. Compute all solutions to the following system of equations:

2x
Iy\fm = -1
rlr|+yly] = 24

Solution 3. Note that x must be real because otherwise, the first equation would not be satisfied.

Case 1: z is positive. Then \% = 2, and the first equation yields y = +1. The second equation then becomes
224+ 1=24,s0 =5 (when y = —1) or z = v/23 (when y = 1).
Case 2: z is negative. Then ‘27"”' = —2, but in this case, the first equation becomes |y| = —3, which is impossible.

Thus the two solutions are (5, —1) and (v/23,1).



Problem 4. Two players are playing a game as follows. Integers IV and M are each selected independently at
random from the set {1,2,...,50}. The players begin with an N x M grid of empty squares. A turn consists
of filling in a single empty square, then filling in all the squares in the same row, and then filling in all the
squares in the same column. The players alternate taking turns until all squares are filled in. Compute the
probability that the player who goes first fills in the last square.

Solution 4. The outcome of the game is determined by the parity of min(/N, M). This is because each time a
player takes a turn, a row and a column that are previously not completely filled in (i.e., the row and col-
umn that contain the square selected on that turn) are now both completely filled in. Therefore, as soon
as min(N, M) turns are taken, either all the rows will be completely filled, or all the columns, which means
that the entire grid is filled in. Therefore the first player will fill in the last square if and only if min(N, M) is odd.

To compute the probability than min(N, M) is odd, count the number of pairs (N, M) satisfying this con-

dition, and then divide by 50 x 50 = 2500, the total number of possible choices of N and M. First consider the

case when N < M. There are 25 choices for N, from 1 to 49, and each results in 50 — N choices for M (i.e.,

the number of numbers larger than N). So there are 49 +47 + ...+ 3+ 1 = 252 = 625 such pairs (N, M). The

case when M < N is symmetric, so there are another 625 cases there. Then there are another 25 cases where

N = M, because N and M can equal any odd number between 1 and 50. This is a total of 6254625+25 = 1275
1275 _ 51

pairs, so the desired probability is 5255 = 755-

Problem 5. A sequence T1,T5,... is called (a,b)-nacci if Ty = a, T = b, and for n > 3, T, = T,—1 + Ty —o.
Compute the number of (a,b)-nacci sequences of positive integers such that b > a and there exists an integer
k > 3 with Ty = 50.

Solution 5. The sequence T} must grow at least as fast as the (1,2)-nacci sequence 1,2,3,5,8,13,21,34,55, ...,
thus for &k > 9, T}, > 50.

If £k = 3, then a + b = 50, which has 24 solutions with a being any integer from 1 to 24 inclusive.
If kK =4, then a + 2b = 50. Now a must be even and a < 16, so there are 8 solutions for k = 4.
If k = 5, then 2a + 3b = 50. Now a =1 (mod 3) and a < 10, so there are 3 solutions for k = 5.
If k = 6, then 3a + 5b = 50. Now a must be a multiple of 5 and the only solution is (5, 7).

If k =7, then 5a + 8b = 50. Now b must be a multiple of 5 and the only solution is (2, 5).

If k = 8, then 8a + 13b = 50, which has no solutions with a < b.

Thus the desired number of (a, b)-nacci sequences is 24 + 8 +3 +1+1 = 37.

Problem 6. Complete the number puzzle below. Clues are given for the four rows. (Answers may not begin with
a zero.) Cells inside a region must all contain the same digit, and each region contains a different digit.

1. Product of two primes b

2. Multiple of 19 L

3. A perfect square

4. Multiple of 1-ACROSS |

Solution 6. Consider first 1-ACROSS, which is of the form A B B B. 4-ACROSS is a multiple of 1-ACROSS, and of
a different form, so they are not equal. Because both are four-digit numbers, A must be less than 5.

Next look at 2-ACROSS. It is a four-digit multiple of 19 of the form A A A B, where A and B are the same digits



as above. Therefore 2-ACROSS equals 11104 + B, which is equivalent to 84 + B mod 19. Because 2- ACROSS
is a multiple of 19 and A < 5, the possibilities for (A, B) are (2,3) and (4, 6).

Therefore 1-ACROSS is either 2333 or 4666. The four-digit multiples of 2333 are 4666, 6999, and 9332. Only
9332 fits the pattern of 4-ACROSS, so 4-ACROSS is 9332. Because the digits in each region are distinct, 1-
ACROSS must be 4666.

Then 2-ACROSS is 4446. Filling in the digits that are the same in each region, 3-ACROSS must be 43X6,
where X is 0, 1, 5, 7, or 8, because these are the only unused digits. Noting that 3-ACROSS is a perfect square
and that 4356 = 662, 3-ACROSS is 4356.

4666
(44146
als]s]e

9 33 2

Problem 7. Real numbers z, y, and z are chosen at random from the unit interval [0, 1]. Compute the probability
that max{xz,y, 2} — min{z,y, 2z} < %

Solution 7. Consider points lying in a unit cube in the first octant with one corner at the origin. To find the
volume of the region of points where the inequality holds, take cross-sections for each value of z from 0 to 1.
For any particular value of z, the values of x and y must satisfy 0 <z < 1,0 <y < 1, —% <y—z< %
z—%ﬁmﬁz—l—%,amdz—%ﬁyﬁz—&—%.

Depending on the value of z, the resulting region is a square of area % (when z = 0 or 1), a hexagon of
area 3 + 42 (when 0 < z < 1), a hexagon of area § (when 4+ < z < 2), or a hexagon of area 3 + @ (when

% < z < 1). The region where z = % is shown.

e

A

the area changes linearly with z and hence can be averaged
of the z-values, with the other % having area %, for a total

In the cases where z is not between % and %

to % (% + %) = % This area corresponds to %
probability of 2(2) 4+ 3(5) = 22.



Problem 8. Square ARML has sides of length 11. Collinear points X, Y, and Z are in the interior of ARML
such that ALXY and ARXZ are equilateral. Given that YZ = 2, compute [RLX].

Solution 8. First note that X cannot be between Y and Z, because then the side lengths of triangles LXY and
RXZ would each be less than Y Z = 2, which would mean that XL and X R would each be less than 2, which
is impossible because XL + XR > LR = 114v/2. Without loss of generality, let Y lie between X and Z. Let
XY =YL =LX =uz,s0 that XZ = ZR = RX = x + 2. In triangle RLX, angle LX R has measure 120°
because angles LXY and ZXR are each 60°. Applying the Law of Cosines then gives

2 2 _ 2
2+ (@ +2)° - (11v2) = c0s120° = —1.
2x(z + 2) 2
Solving this quadratic for x gives x = —1 + %, and the positive solution for x is used because it is a side

length. So = —1+ /2 and z +2 =1+ /2, and the area [RLX] is

1 1 /241 3 119v3
ix(l‘ + 2) Sin 1200 — 5 . <3 - 1) % - Gf
Problem 9. Compute the number of permutations z1, s, ..., z19 of the integers —3, —2, —1, ..., 6 that satisfy the

chain of inequalities
122 < wawg < -+ < XTgTip-

Solution 9. First note that no two negative numbers can occur consecutively because otherwise, either the re-
sulting positive product would have to be followed by a non-positive product once the negatives are exhausted,
or it would have to occur at the end but there are too many positive terms for that to be possible. Thus the
sequence must start with alternating positive and negative values. Each inequality x;x;4+1 < x;412;42 implies
that ©; < @2 if z;41 > 0 and x; > @40 if 2,41 < 0 (the inequalities are strict because the x;s are distinct).
The two main cases to consider are x1 = —3 and zo = —3.

If 1 = —3, then 3 = —2, z5 = —1, and either zg = 0 or x7 = 0. If xg = 0, then the positive entries
(z2, 24,27, X8, g, and 1) must satisfy xo > x4, 7 < 29, and xzg < x19. There are %:21 = 90 such sequences.
If 7 = 0, then the positive entries (z2, x4, zg, T7, Ts, and x19) must satisfy xo > x4 > x6, and zg < x99 for

|
ﬁ = 60 more.

If o = —3, then x4 = —2, g = —1, and either z7 = 0 or xzg = 0. If xy = 0, then the positive entries

(1,23, 24, g, Tg, and 1) must satisfy x; > x3 > x5, and xg < x19 for another 60. If zg = 0, then the positive
entries (1, zs3, Ts5, T7, Zg, and x19) must satisfy x1 > x3 > x5 > x7, for ﬁi,u = 30 more.

The desired number of permutations is therefore 90 + 60 + 60 + 30 = 240.

Problem 10. Compute the greatest integer m for which the decimal representation of % is of the form

Solution 10. In order for the integral part of % to be 1, n must be between 501 and 1000. Let m = 1000 — n.

Then
1000 1000 1 71+m+m2+m3+
n  1000—-m 1—< 2 1000 10002 = 10003 =
For example, if n = 998, then % begins 1.002004008016032064 . .. and each block of 3 digits following the

decimal point is a power of 2 until they begin to overlap.




To maximize n, first consider attempting to find a solution with 7" = 0, which implies m < 100, by the
previous analysis, because the first block of 3 digits equals either m or m plus the thousands digit of m?2.
Because the ones digit of the second block of 3 digits is 7, and m? cannot end in 7 (as no squares end in 7),
the m3 block must overlap into the m? block. Therefore m? > 1000, so m > 10.

Because T = 0 by (optimistic) assumption, and therefore the part of m? in the second block must have a
zero in the hundreds place, the goal is to find four-digit squares with a zero in the hundreds place. (Note that
m cannot have a two-digit square because m > 10, and the m? block will not overlap onto the 0 from the
hundreds place of the second block as long as m? < 100,000.)

The first square with a zero in the hundreds place is 322 = 1024, which corresponds to m = 32, m? = 1024,

m3 = 32768. Then the expansion for 5>~ begins

32 1024 32768

1
+ 1000 + 10002 + 10003
= 1+0.032 +0.001024 + 0.000032768 + - - -

= 1.033056768 4 - - - .

This fits the pattern, except the sixth decimal digit is a 6 instead of a 7. However, m* = 10242 is just over

1 million, so its first digit overlaps onto the 6, making it a 7. Therefore m = 32, which corresponds to n = 968
.. . . . . . . . . 1000 __

giving the maximal n satisfying the given criteria. This can be confirmed by computing e~ = 1.033057. . ..

Note: The same method as in the solution can be used for negative integers m that are close to 0; the

geometric series would have alternating signs. Also, replacing the 1000s with 10Ps yields a similar result, but

instead of blocks of 3 digits apiece, the blocks will each have p digits.



4 Power Question 2016: Taxicab Geometry

Instructions: The power question is worth 50 points; each part’s point value is given in brackets next to the part.
To receive full credit, the presentation must be legible, orderly, clear, and concise. If a problem says “list” or “com-
pute,” you need not justify your answer. If a problem says “determine,” “find,” or “show,” then you must show
your work or explain your reasoning to receive full credit, although such explanations do not have to be lengthy. If a
problem says “justify” or “prove,” then you must prove your answer rigorously. Even if not proved, earlier numbered
items may be used in solutions to later numbered items, but not vice versa. Pages submitted for credit should be
NUMBERED IN CONSECUTIVE ORDER AT THE TOP OF EACH PAGE in what your team considers to be
proper sequential order. PLEASE WRITE ON ONLY ONE SIDE OF THE ANSWER PAPERS. Put the TEAM
NUMBER (not the team name) on the cover sheet used as the first page of the papers submitted. Do not identify
the team in any other way.

In standard coordinate (Euclidean) geometry, if A = (z1,y1) and B = (22, y2), then the distance between A and B
is given by the Euclidean distance function: dg(A,B) = /(2 — 21)% + (y2 — y1)2. In this Power Question, we
investigate what happens when distance is measured using the tazicab distance function,

dr(A, B) = |xa — 21| + |y2 — y1]-

This distance is called the tazi-distance between A and B.

1. This problem will help you become familiar with taxi-distances.

a. Compute the taxi-distance between the points (2,6) and (7, —2). [1 pt]

b. Compute the coordinates of a point whose Euclidean distance from (3,2) is 5 and whose taxi-distance
from (3,2) is also 5. [1 pt]

c. Compute the coordinates of a point whose Euclidean distance from (3,2) is 5 and whose taxi-distance
from (3,2) is 7. (1 pt]

In Euclidean geometry, one possible definition of the line segment AB is the set of points P such that AP+PB = AB,
or dg(A, P) 4+ dg(P, B) = dg(A, B). This definition does not work as well in taxicab geometry!

2. Let A= (0,4) and B = (4,0).

a. Show that P = (1, 3) satisfies dr(A, P) + dr(P, B) = dr (A4, B). [1 pt]
b. Find the coordinates of a point P not on the line z + y = 4 satisfying dr(A, P) + dr (P, B) = dr(A, B).
[1 pt]

c. Find the set of all points P such that dr(A, P) + dr(P, B) = dr(A, B), and justify your answer. [3 pts]

As in Euclidean geometry, two triangles are congruent if and only if the lengths of corresponding sides and the
measures of corresponding angles are equal. In Euclidean geometry, this measure-congruence is equivalent to
transformation-congruence: two triangles are transformation-congruent if and only if one is the image of the other
under a composition of reflections, rotations, and translations. (Actually, reflections alone suffice, but that result is
beyond the scope of this Power Question.) For the remainder of this Power Question, the symbol 2 will be used
exclusively to denote measure-congruence; we write = to emphasize that we are using taxicab measure.

3. Let’s investigate whether the equivalence between measure- and transformation-congruence holds in taxicab
geometry. Suppose that A = (z4,y4) and similarly for other named points.

a. If AA’B'C’ is the image of AABC under the translation (z,y) — (x + h,y + k), are the taxi-lengths of

the sides of AA’B'C’ equal to those of AABC? Justify your answer. [1 pt]
b. If AA’B’C’ is the image of AABC under a reflection in the line y = k, are the taxi-lengths of the sides
of AA’B'C’ equal to those of AABC? Justify your answer. [1 pt]

c. Let O = (0,0), R = (8,0), D = (0,4), and let AO'R'D’ be the image of AORD under a (Euclidean)
rotation of 45° counterclockwise about the origin. Is AORD = AO'R'D'? Justify your answer. [2 pts]



4. Let O have coordinates (0,0), let P have coordinates (1,0), and let A be the point (4,2). The point B has
coordinates (m,n), where m and n are both positive integers, m is relatively prime to n, and ZBOA = ZAOP
(considered as Euclidean angles).

a. Compute the ordered pair (m,n). [2 pts]
b. Compute the taxi-lengths of the segments intercepted by ZBOA and ZAOP on the line z +y = 1. [2 pts]

The computation in the previous item is problematic, for the following reason. A taxi-circle is the set of all points
that are a fixed taxi-distance from a given point, and the segments whose lengths you computed in 4b are actually
arcs on a unit taxi-circle centered at the origin. So angles congruent in the Euclidean sense do not necessarily inter-
cept taxi-congruent arcs.

One way to fix this problem is to define the measure of an angle analogously to the way the radian measure of
an angle is defined in Euclidean geometry, namely, as a quotient. The numerator is the length of the arc that the
angle intercepts on a circle centered at the angle’s vertex. The denominator is the radius of that circle. If P and R
are equidistant from @, then the measure of ZPQR in tazi-radians is given by the formula

__ taxi-length of the arc from P to R on the taxi-circle centered at () passing through P

dr(Q, P)
5. Let’s flesh out the above definition with an example.
a. Find an equation to describe the taxi-circle centered at the origin of radius 17. [1 pt]
b. Compute the value of tazi-pi, mr, by dividing the semi-taxi-circumference of the taxi-circle from part 5a
by its radius. [1 pt]
c. Show that the value you computed in part 5b is independent of the taxi-circle’s radius. [2 pts]
d. Given that C = (3,1), O = (0,0), and B = (-1, 3), compute mpZCOB. (1 pt]

Using taxi-circles and taxi-angles, define a rotation by 0 taxi-radians about the origin as follows. The point P’ is the
image of P under a counterclockwise rotation of 6 taxi-radians around O = (0, 0) if and only if d7-(O, P) = dr (O, P’)
and the measure of the tazi-arc from P to P’ (going counterclockwise around the taxi-circle centered at O) is
dr(O,P) - 0.

6. Let O = (0,0), A= (8,0), and R = (3,1).
a. Let AO’A'R’ be the image of AOAR under a rotation of 1 taxi-radian about the origin. Compute the
coordinates of O'; A’, and R’. [3 pts]
b. Is AO’A'R' =r AOAR? Justify your answer. [3 pts]

7. We now consider conditions for two triangles to be measure-congruent in Euclidean geometry and apply them
to taxicab geometry to discover whether or not measure-congruence still holds. Let AMOD have vertices
M =(0,2), O =(0,0), and D = (2,0).

a. Show that there exists a triangle ACAB such that dr(C, A) = dr(M,0O), dr(A,B) = dr(O, D), and
my/ZCAB = mpZMOD, but AMOD 2pr ACAB. (Thus SAS congruence does not hold in taxicab
geometry.) [2 pts]

b. Show that there exists a triangle APIG such that dr(P,I) = dr(M,0), dr(I,G) = dr(O,D), and
dr(P,G) = dr(M, D), but AMOD 21 APIG. (Thus SSS congruence does not hold in taxicab geometry.)

[2 pts]

8. Define the tazi-cosine and tazi-sine of an angle as follows:

dg(C,A)-dg(C,B)
sp LACB = LACB
CcoST C dr(C, A) - dT(C, B) cos C
sinp LZACB = sin ZACB,
o 12(C. A) - dr(C. D)

where cos ZACB and sin ZACB are the ordinary (Euclidean) cosine and sine functions, respectively.



a. Given A = (3,0), O =(0,0), and B = (3,4), compute cosy ZAOB. [1 pt]
cos ZAOB

b. Show that if OA is parallel to the z-axis, then cosy ZAOB = Tcos ZAOB| + [sin ZAOB|" [3 pts]
c. Let Q? be parallel to the z-axis, and let A and B be points not on Q? Show that
cos LZAQB
ZAQB = .
cosr £AQ (|cos ZAQP| + | sin LZAQP|)(| cos ZBQP| + | sin ZBQP))
3 pts]

9. Suppose that triangle ABC' is given with AB parallel to the z-axis, and that the perpendicular dropped from

C to AB intersects AB at C’ and has taxi-length hr. As with conventional trigonometry, let ar = dr (B, C),
br = dr(A,C), and ¢ = dr (A, B). Prove the following:

a. ar = by + ¢ — 2by cost A. [3 pts]
b. br = ar + ¢r — 2ar cost B. [2 ptS]
2 2
at + by — 2arby cosp C
. = . 3 pt

c. cr . [3 pts]

. ar br cr . .
10. Given AABC, prove that — = — = — , where ap, by, and ¢y are defined as in the previous

siny A sinp B sinp C

problem. [4 pts]

10



5 Solutions to Power Question

1. Compute from the given definition:

a.
b.

7—2|+|-2—6|=13.

There are four points that can found by moving from (3,2) along vectors parallel to the coordinate axes.
These points are (8,2),(—2,2),(3,7), and (3,—3). One of these is sufficient to answer the question.

. The classic 3—4—5 right triangle gives many more possibilities: (3+3,2+4) and (3 +£4,2 £ 3). (One of

these is sufficient to answer the question.)

dr(AP)+dr(P,B) =1 — 0|+ |3 — 4]+ |4— 1| +]0— 3| =8 = |4— 0 + [0 — 4] = dr(A, B).
. Many solutions exist (see part ¢ below), but (2,4) is one such point.

. Because dr (A, B) = 8, to move from A to B, find all points P(z,y) such that |x—0|+|y—4|+|[4—z|+|0—y| =

8. If 0 <z <4 and 0 <y <4, the left hand side of the equation simplifies to z + (4 — y) + (4 — x) + v,
which equals 8 for all such x and y. On the other hand, if x < 0 and 0 < y < 4, then the left hand side of
the equation simplifies to 4 — 2z + (4 — y) + y = 8 — 2z, and for z < 0, 8 — 2z > 8. Analogous arguments
show that no points with = > 4, or y < 0, or y > 4 satisfy the condition. Hence the solution set is the
square 0 <z <4,0<y <4

Alternate solution: Let P = (z,y), so that dr(A, P) +dp(P,B) = |t — 0|+ |y — 4|+ |4 —z|+ |0 —y| =
[4—z|+|z—0|+|4—y|+|y—0]|. For any real number r, |r| > r, and equality holds if and only if » > 0. Apply-
ing this observation to each term in the above sum, dr (A, P)+dr (P, B) > (4—z)+(x—0)+(4—y)+(y—0) =
8 = dr(A, B), with equality if and only if each of 4 — x, z — 0, 4 — y, y — 0 is nonnegative. Hence the
solution set is the square 0 < x <4 and 0 <y < 4.

. Let A = (x1,71) and let B = (z2,y2). Then dr(A,B) = |za — z1] + |y2 — y1|- On the other hand,

A" = (z1+h,y1+k) and B' = (22+h, yo+k), yielding dp(A', B') = |(z2+h)—(z14+h)[+|(y2+k) = (y1+k)| =

|wa — z1| + |y2 — 1| = dr(A, B). The same argument would apply to the taxi-lengths of BC' and AC.
Therefore the taxi-lengths of the sides are preserved under translation.

. Let A = (z1,y1) and let B = (x2,y2). The reflection takes (z,y) = (z,k+ (y — k)) to (z,k — (y — k)) =

(z,2k —y). Hence A" = (x1,2k — y1) and B’ = (x9,2k — y3). Thus dp(A’, B") = |z2 — z1| + |(2k — y2) —
(2k — y1)| = |z2 — 21| + |y1 — y2| = dr(A, B). Analogous arguments apply to the taxi-lengths of BC and
AC, so the taxi-lengths of the sides are preserved under reflection in a horizontal line. (Note: It would
be straightforward to show the same result for reflection in a vertical line. What might be difficult about
reflecting in an oblique line?)

. 0" = (0,0), R = (4V2,4V2), D' = (—2v/2,2V/2). Notice that dr(O,D) = 4, dp(D,R) = 12, and

dr(O, R) = 8, but dp(O’, R') = 8/2. Therefore AORD %7 AO'R'D'.

—
. Let @ be the angle between the positive z-axis and the ray OA. Then tanf = L. The ray O? makes

2
an angle of 20 with the positive z-axis, so using the double-angle identity from trigonometry yields

2tan6 1 4
tan 20 = — 57 = 5 = . Hence B lies on the line y = %
1—tan“6 1_ (%) 3

prime factors in common, m = 3 and n = 4. The desired point is (3,4).

x. Because m and n can have no

H «
. The rays OA and OB intersect the line z+y =1at (2,1) and (£, 2) respectively. Note that dr (P, (3,3)) =

373

[1—2|+]0—%| = 2. However, dr ((3,1),(2,2)) = |2 — 2| +|2 — 1| = 19, Therefore central angles with

the same Euclidean angle measure can intercept arcs of different taxi-lengths on the unit taxi-circle.

. The taxi-circle is the set of all points (z,y) such that |z| + |y| = 17. This equation describes a square

centered at the origin with vertices (£17,0) and (0, £17); the sides of the square lie on the lines x4y = 17,
r+y=—-17,2—y=17,and z —y = —17.

. The semi-taxi-circumference of this circle is 68, because dr((17,0),(0,17)) = dr((0,17),(—17,0)) = 34.

(Note that the distance along the arc is, as usual, longer than the straight-line taxi-distance
dr((17,0),(—17,0)), which is simply 34.) The radius of the circle is 17. So mp = 68/17 = 4.

11



c. In general, the taxi-circle of radius r centered at the origin is given by the equation |x| + |y| = r,
and one semicircle has endpoints (r,0) and (—r,0). Hence the arc length is simply dr((r,0),(0,7)) +
dr((0,7),(—r,0)) = 2r + 2r = 4r. Therefore mp = 4r/r = 4. (As an interesting exercise, you might try to
show that this result holds for any taxi-semicircle with endpoints (z,y) and (—z, —y).)

d. These points are both found on a taxi-circle of radius 4.

taxi-length of th f C to B on taxi-circle O 8
mp/COB = axi-length of the arcd;"(()g, 5 0 B on taxi-circle O _ - 9 taxiradians.

6. a. First note that O’ = O because O is the center of rotation. To find A’, note that dr(O, A) = 8, so the
arc from A to A’ on the circle centered at O passing through A must also have length 8, and if A’ is in
the first quadrant, then it lies on the line # + y = 8. These conditions are satisfied by the point (4,4).
Similarly, R’ must lie on the line x + y = 4 and dr(R, R') = 4. Assuming that 0 <z <3 and 1 <y < 4
yields dr(R,R') = (3 —z) + (y — 1) = y — = + 2. Hence the desired point satisfies both  + y = 4 and
y—x+2 =4, yielding x = 1,y = 3 as the unique solution. Thus R’ = (1, 3).

Alternate solution: First note that O’ = O because O is the center of rotation. Before considering the
other points, let P = (x,y) be any point in the first quadrant and let 0 <r < x. Then Q = (x — r,y + 1)
is also in the first quadrant, @ and P are on the same taxi-circle centered at O, and dr (P, Q) = 2r.
Apply this observation to A = (8,0) with r = %dT(O, A)=4tofind A’ = (8—4,0+4) = (4,4). Similarly,
take P = B = (3,1) and r = 2dr(O,B) =2 to find B’ = (3 —2,1+2) = (1,3).

b. By construction, dr(0, A) = dr (0, A") and d7(O, B) = dr (O, B'). However, dr(A, B) = |3—8|+|1-0| =6
while dr(A’, B") = |1 — 4] + |3 — 4| = 4. Hence the two triangles are not measure-congruent.

7. a. There are many examples. One such example is AC AB with vertices C(—1,1), A(0,0), and B(1,1). Then
dr(C,A) = dr(M,0) = 2, dr(A,B) = dr(0,D) = 2, and myZA = mpZ0 = nr/2, but AMOD %r¢
ACAB because dr(C,B) = 2 # dr(M, D).

b. There are many examples. One such example is APIG with vertices P(—1,1), I(0,0), and G(2,0). Then
dpr(P,I) = dp(M,0) =2, dr(I,G) = dr(O,D) = 2, and dp(P,G) = dpr(M,D) = 4, but AMOD 2%
APIG because mp/PIG > mpr/ZMOD.

8. a. To use the formula, note that dg(O, A) =3

and sin ZAOB = %. Then cosp ZAOB = 2

dg(0,B) =5, dr(0,A) =3, dp(0,B) =17, cos LZAOB = £,
37 =

E ) =
3 = 3. (Similarly, sinp ZAOB=32.1=1)

Ut

b. Consider the diagram below.

Because 0—121 is parallel to the z-axis, dg(O, A) = dr (O, A). Then

dg(0,A) - dg(0, B) cos ZAOB = dp(0, B) cos LZAOB.

cosr LAOB = 06 A ~dr(0, B) ir(0, B)

Let B’ be the foot of the perpendicular from B to &)4, so that dr (O, B) = dg(0O, B') + dg(B’, B). Then

dr (0, B) 1
; . cos LZAOB = — N (BB O ZAOB.
4&(0,B') + dp(B', B) o o

cost LAOB =

12



Substituting | cos ZAO B for m and |sin ZAOB)| for % yields the desired result. (The reader

may wish to show that, under these conditions, cosy ZAOB + sinp ZAOB = 1.)
c. Let the feet of the altitudes from A and B to % be A’ and B’, respectively, as shown in the diagram below.

4
| B
|
| |
[
0 4 P B

Then dr(Q,A) = dg(Q,A") + dg(A’, A) and dr(Q, B) = dg(Q,B’) + dg(B’, B). Using the definition
yields

cost LZAQB = dp(Q,4) - dp(Q, B) cos ZAQB

dT(Q’ A) : dT(Qv B)

1
(dE(Q, A') +di(4, A’)) . (dE(Q, B') +dg(B, B’))

cos LZAQB

1
On the other hand, (ZE ((% ’?4)) = |cos LZAQP|, Cfi}i;(g ::) = |sin ZAQP)|, and similarly % = |cos ZLBQP|,
w = |sin ZBQP)|. Hence the right side can be rewritten as

cos LZAQB.

cos LZAQB
(| cos LZAQP| + |sin ZAQP|)(| cos ZBQP| + | sin ZBQP|)’

which is the desired result.

Alternate solution: Let the feet of the altitudes from A and B to % be A" and B’, respectively.
Then

dr(Q,4) = dp(Q.A") +dg(4A', A)
= dp(Q,A) |cos LAQP| +dgr(Q,A) - |sin LZAQP)|
= dg(Q,A) (|cos ZAQP| + |sin ZAQP]),

so dg(Q,A)/dr(Q, A) = (| cos LZAQP| + | sin ZAQPD*I. The analogous formula for dg(Q, B)/dr(Q, B)
is derived in the same way. Substituting these expressions into the definition of the taxi-cosine yields

cost LZAQB = dp(Q,4) - dp(Q, B) cos ZAQB

dT(Q7 A) : dT(Q? B)

cos LZAQB
(|cos ZAQP| + | sin ZAQP|)(| cos ZBQP| + | sin ZBQP|)’

which is the desired result.

9. For these three problems, the following lemma will be useful:

Lemma: Suppose that APQR is a right triangle with right angle at Q and PQ parallel to the z-axis. Then

_ dr(PQ
cos LP = diEP,Rg'

13



Proof of Lemma: Because P(Q) is parallel to the 2z-axis, the result from 8b applies, and cosy /P = m.

In this situation, cos /P = ZE Eg % and sin /P = ZE ((?3 g)) , so substitute to obtain the following;:

de(P.Q)
dg(P,R)

de(P.Q)| 4 |de(Q.R) ’
dg(P,R) dg(P,R)

However, P and @ lie on the same horizontal line and @ and R lie on the same vertical line, so dg(P, Q) =
dr(P,Q) and dp(P, R) = dg(P,Q) + dr(Q, R), yielding the desired result. O

cost LP

Consider the diagram below.

- — — — — —

a. Because dr(A4,C) = dr(A,C") + drp(C’,C), it follows that dr(C,C") = dr(A,C) — dr(A,C’) and analo-
gously that dr(C,C") = dp(B,C) — dr(B,C’"). Then dp(B,C) = dr(A,C) +dr(A,B) —2-dr(A,C') =
A /
br + ¢ — 2d7(A,C"). The lemma applies to angle A in AAC'C, and cosy LZCAC' = m
T )
dr(A,C") =dr(A,C)-cost ZA. Substituting this expression for dr(A, C’) into the equation for dr (B, C)
yields the first equation.

b. The second equation is derived similarly. As before, dr(A,C) = dp(B,C) + dr(A,B) —2-dr(A,C") =
dr(B,C’
ar+cr—2dr(A,C"). Again, apply the lemma to angle B in ABC’C to obtain cosy ZCBC' = dT((B’C)),
T ’
yielding dr(B,C’) = dr(B,C) - cosy ZB. Substituting this result into the previous equation yields
dr(A,C) = ar + c¢r — 2ar cosy £B.

implies

d dg(B
c. Apply the definition of taxi-cosine to obtain cosy ZACB = 5(4,C) - dp(B,C) cos ZACB. By the Law
dr(A,C) - dr(B,C)
(d(B,0))* + (d(A,C))* — (dp(A, B))*

of Cosines applied to AABC, cos ZC = . Hence

2-dp(A,C)-dg(B,C)
5(B,C) (dr(B,0))* + (d&(A,0))* — (dr(4, B))?
dT(A’C)dT(Bvc) 2. dE( s ) dE(BaO)
(ds(B,C))* + (ds(A, C))* — (ds(A, B))*

2-dr(A,C)-dr(B,C)

Use the Pythagorean Theorem in AAC'C and ABC’C to obtain
(de(B,C")* + (dB(C,C")* + (de(A,C"))* + (d&(C, C"))* — (d&(A, C') + dp(B, C"))?
2-dr(A,C)-dr(B,C) ’

dr(A,C) - dg(

cost LZACB

cost LZACB =

2 _ —
ht ZT(CbT pT)7 where pr = dr(A,C").
T 0T

Now, obtain expressions for hr, pr and ¢ — pr by algebraic manipulation of previously-found equations

By algebra, this equation is equivalent to cosy ZACB =

14



relating lengths of sides.

First, find an expression for pr. Note that dp(A,C) = br = ar + ¢r — 2ar cost ZB, which implies
dg(B,C) - (cr —pr) cr —pr

by = —9 :

T = arder = Lor < ar - (er — pr) dg(B,C)

br +cr —ar

—

A similar manipulation to the equation by = ar + ¢r — 2(er — pr) yields er — pr =

> . After cancellation, by = ap +cr —2(cr —pr) —

br =ar —cr +2pr = pr =
ar +cr — by
ar + cr — by 2ar ar + cr — by

hich simplifies to — — ——— =
> , Which simplifies to —

Now, notice that hy = ar — (er — pr) = ar — 5

ar —cr + br

> , as needed. Substitution yields

<bT+CT—aT>2_ <bT+CT_aT> (aT+CT_bT>
cost LZACB = 2 2 2

aT~bT

)

2 1b2 - b
which simplifies to cosy ZACB = 9 + 01 CT(;T i T).

rar - ot
This equation can be algebraically manipulated to obtain the desired result.

Alternate solution: To simplify the computations, introduce notation for various Euclidean lengths. Let

a:dE(B,C), b:dE(A7C), C:dE(A,B):CT;
p=dg(A,C") =dr(A,C") = bcos 4;
q=dg(B,C") =dr(B,C") = acos B.

Then
ar = q+ hr, br =p+ hr, cr=p+q.

b-c

a. From the definition of the taxi-cosine, by cosT A = b - ror

2bpcost A= (p+hr)+(p+q)—2p=q+ hr =ar.
b. Similarly, ar cos B = ¢, so ar + c¢r — 2ar cost B= (¢ + hr) + (p + q) — 2qg = br.

cosA = bcos A = p. Therefore br + ¢ —

c. The Euclidean radian measures of the angles add up to m, so cosC' = cos(m — A — B) = —cos(A + B) =
sin A sin B — cos A cos B. Substitute into the definition of the taxi-cosine and multiply by arbr:

b
arby cost C = arbr ab (sin A sin B — cos A cos B)

arbr
= (bsin A)(asin B) — (bcos A)(a cos B)
=h —pq

= hi — (br — hr)(ar — hr)
= (CLT + bT)hT —arbr.

Therefore a% + b% — 2a7br cosp C = a%« + b%« — 2(aT + bT)hT + 2arby = (CLT + bT)(aT + bp — 2hT) =
(ar + br)er. Solving for ¢p gives the desired result.

10. In general, the area of a triangle ABC' is equal to half of the area of the parallelogram determined by any two

/AOB
dr(0,A)-dr(0,B) ’
imphﬁ thaMT(O, A)-dr(0O,B)-siny LZAOB = dg(0, A) -dg (O, B) -sin ZAOB. The latter expression is equal

to |[OA x OB|r. Thus the cross-product of two vectors can be interpreted in a taxicab space as it is in a

sides of triangle ABC. The definition of taxi-sine, namely that sinp ZAOB =

15



Euclidean space!
Now, express the area of the triangle ABC in three different ways:

[ABC]:|EX,TC\T:\TBX?C|T:|R*X?C|T
2 2 2 '

Notice also that |[ABx AC|r = er-br-sint A and |ABx BC|r = c¢r-ar-siny B and |AC' x BC|r = by-ar-sing C.
By substitution and multiplication by 2, ¢y - by - sing A = ¢ - ar - sinp B = by - ar - sinp C. Dividing by the
nonzero quantity arbrer and taking reciprocals leads to the desired result.

Alternate solution: As in the solution to problem 9, let a, b, and ¢ denote the Euclidean lengths of the
sides. With this notation, the definition of the taxi-sine gives

ab . absin C cr arbrer ¢
sing C' = sinC = , thus — = - .
arbr arbr sing C' abc  sinC
U,TbTCT

Hence the Taxicab Law of Sines follows from the Euclidean version, multiplying by e
abe

Note: Taxicab geometry is an active area of mathematical research, so many important questions remain unanswered.
Students who are interested in taxicab geometry might find the following sources helpful; both were inspirational in
the creation of this Power Question.

Eugene Krause, Tazicab Geometry: An Adventure in Non-Fuclidean Geometry, Dover, 1975.

Ayse Bayar, Siiheyla Ekmekci and Miinevver Ozcan, On Trigonometric Functions and Cosine and Sine
Rules in Tazicab Plane, International Electronic Journal of Geometry, 2 (2009), 17-24. Retrieved from
http://www.iejgeo.com/matder /dosyalar /makale-11/paper2(bayar-ekmekci-ozcan).pdf.
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6 Individual Problems

Problem 1. Given that a, b, and ¢ are positive integers such that a® - b¢ is a multiple of 2016, compute the least
possible value of a + b + c.

Problem 2. Triangle ABC is isosceles. An ant begins at A, walks exactly halfway along the perimeter of AABC),
and then returns directly to A, cutting through the interior of the triangle. The ant’s path surrounds exactly
90% of the area of AABC. Compute the maximum possible value of tan A.

(V1] [V3] - [ V5] - [V2015]
[V2] - [ V4] - [ V6] - [V/2016]°

Problem 3. Compute

Problem 4. Compute the number of permutations 1, ..., zg of the integers 1, ..., 6 such that z;11 < 2z; for all 4,
1<i<6.

Problem 5. Compute the least possible non-zero value of A% + B2 + C? such that A, B, and C are integers
satisfying Alog 16 + Blog 18 4+ C'log 24 = 0.

Problem 6. In ALEQO, point .J lies on LO such that JE L EO, and point S lies on LE such that JS 1 LE.
Given that JS =9, FO = 20, and JO 4+ SE = 37, compute the perimeter of ALEQO.

Problem 7. Compute the least possible area of a non-degenerate right triangle with sides of length sinz, cosz,
and tan z, where x is a real number.

Problem 8. Let P(x) be the polynomial 23 + Az% + Bz + C for some constants A, B, and C. There exist constants
D and E such that for all z, P(x + 1) = 2% + D2? + 542 + 37 and P(x +2) = 2% + 2622 + Ex + 115. Compute
the ordered triple (A, B, C).

Problem 9. An n-sided die has the integers between 1 and n (inclusive) on its faces. All values on the faces of
the die are equally likely to be rolled. An 8-sided die, a 12-sided die, and a 20-sided die are rolled. Compute
the probability that one of the values rolled is equal to the sum of the other two values rolled.

Problem 10. Compute the largest of the three prime divisors of 13% + 16° — 1722,
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7 Answers to Individual Problems

Answer 1.

Answer 2.

Answer 3.

Answer 4.

Answer 5.

Answer 6.

Answer 7.

Answer 8.

Answer 9.

14

3v11

144

105

120

s
V)
5

oo

(20,11,5)

23

Answer 10. 1321
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8 Solutions to Individual Problems

Problem 1. Given that a, b, and ¢ are positive integers such that a® - b¢ is a multiple of 2016, compute the least
possible value of a + b + c.

Solution 1. Factoring yields 2016 = 2° - 32 - 7, which means that 2 -3 -7 = 42 | ab. To minimize a + b, first look
for cases where ab = 42. If a = 2, then b = 21, so setting ¢ = 2 is sufficient, yielding 25 for the sum. If a = 3,
then b = 14, but ¢ must be 5 (or greater) to satisfy the condition that 2° | a®0°, yielding a + b+ ¢ = 22. If
a=6and b =7, then ¢ = 1 is sufficient, yielding a + b + ¢ = 14. This value is minimal because a = 7 forces
b =6 and ¢ > 5, while the next larger value of a is 14. Thus the minimal value of a + b+ ¢ is 14.

Problem 2. Triangle ABC is isosceles. An ant begins at A, walks exactly halfway along the perimeter of AABC),
and then returns directly to A, cutting through the interior of the triangle. The ant’s path surrounds exactly
90% of the area of AABC. Compute the maximum possible value of tan A.

Solution 2. Point A cannot be the vertex of the isosceles triangle, because if it were, the ant would reach the
midpoint of the base, and then the area surrounded by the ant’s path would be half the triangle’s area rather
than 90%. So A is one of the two base angles. Let P be the point reached by the ant and, without loss of
generality, let mZB be the triangle’s vertex angle. Note that by the triangle inequality, P lies on BC. There
are two cases to consider: either the ant passes through vertex B first, making [APB] greater than [APC], or
the ant passes through vertex C' first, making [APC] greater than [APB]. In the first case, because AAPB

and AAPC have collinear bases (along BC) and the same altitude (from point A), % = % Because
%i?,g} = "Og’ 9, };g = 9. Without loss of generality, set PB =9 and PC = 1. Then AB = 10,73nd from
AB + PB = %(AB + BC + AC), obtain AC' = 18. By the Pythagorean Theorem, the altitude to AC is /19,

and tan A = L ~ 0.5. In the second case, analogous reasoning yields PB =1, PC =9, and AC = 2, so that
tan A = \lﬁ O 5. Thus the answer is 34/1

(V1] - [V3] - [V/5] - [ V2015]
[V2] - [V4] - |V6] - [ V2016

Problem 3. Compute

Solution 3. Notice that |v/n—1] = |¥/n] except when n is a perfect fourth power. So all of the factors in the
| V15] | v/255] Lv129 J

product can be ignored except for These fractions simplify to and , respectively,

Lfﬁ | V256 | V1296 2747
and their product is 3 - % . %, or 1—6.
Problem 4. Compute the number of permutations 1, ..., z¢ of the integers 1, ..., 6 such that z;11 < 2z; for all 4,

1 <7 <6.

Solution 4. First notice that some pairs are impossible: 1 can only be followed by 2, and 2 can only be followed
by 1, 3, or 4. These observations suggest that the problem can be divided into several cases:

Case 1: xg = 1. If 5 = 2, then there are 4! arrangements of the other numbers. If x5 # 2, then holding either 23
or 24 as a consecutive pair yields 4! permutations. So there are 3 - 24 = 72 possible arrangements.

Case 2: x5 =1 and x¢ = 2. Then there are 4! = 24 arrangements of the other numbers.

Case 3: Either 123 or 124 occur in that order. Then there are 4! permutations of each cluster and the other three
numbers, yielding 2 - 4! = 48 possible arrangements.

Hence the desired number of permutations of the numbers is 144.
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Problem 5. Compute the least possible non-zero value of A% + B2 4+ C? such that A, B, and C are integers
satisfying Alog 16 + Blog18 4+ C'log 24 = 0.

Solution 5. Use the laws of logarithms to obtain (41log2)A + (log 2+ 2log 3) B + (3log 2 + log 3)C' = 0. Collecting
terms with common logarithm coefficients yields (44 + B + 3C)log2 + (2B 4+ C)log3 = 0. Because 3 is not
a rational power of 2, in order to satisfy this equation with integral A, B,C, both 44 + B + 3C = 0 and
2B 4+ C = 0. The second equation is equivalent to C' = —2B, yielding 44 + B — 6B =0 or 4A = 5B. Thus A
is divisible by 5 and B is divisible by 4. Set A =5, B =4, and C' = —8 to obtain 52 + 42 + (—8)? = 105.

Problem 6. In ALEQO, point J lies on LO such that JE L EO, and point S lies on LE such that JS 1 LE.
Given that JS =9, EO = 20, and JO + SE = 37, compute the perimeter of ALEO.

Solution 6. Optimistically, one might hope that SE = 12 and JO = 25, and in fact this turns out to be the case!
Let JO = 2 and SE = y. Then JE? = 92 + y? = 81 + 42 and JE? + 20% = 22, hence y? + 481 = z2. Thus
22 —y? = 481. Because v +y = 37, v —y = 481/37 = 13. Hence 2z = 50, = 25, and y = 12. That information
by itself does not solve the problem, but the fact that the sides of right triangles JES and JOE are known
makes a combination of angle-chasing and trigonometry feasible.

Let mZJOFE = 6. Then m/JES = 0 because triangles JSE and JEO are both 3—4—5 right triangles. Then
m/L = 180° — (mZLEO+mZLOE) = 180° — (90° + 0 +6) = 90° —2¢. Hence tan L = L and sin L = cos 26.

Using double-angle identities for tangent and sine yields tan L = 12_523299 and sin L = cos? 6 — sin® 0. In this
case, sinf = cosh = % 3

%, s, and tanf = 3. Substitute these values into the preceding equations to obtain

tan [ = 2 = L, whilesin L = . Then LS = 27 = 2 and LJ = ;27 = 22 Thus LS+ LJ = 43 = 63.

With SE =12, EO = 20, JO = 25, the perimeter is 120.

Alternate Solution: Let t = SE. Then JE? = 2492 = (37 —t)? — 202, which implies that ¢t = 12. Note that
AJEO ~ AJSE. Let @ = mZEOJ; then mZJES = a and mZLJS = 2. Thus sin 2o = 2(sin o) (cos ar) = 22,
and ALJS is similar to a 7-24-25 triangle. Letting = 22, it follows that L.J + LS = 25z + 24z = 49z = 63.

9
Thus the perimeter of ALEO is 63 + 37 + 20 = 120.

Problem 7. Compute the least possible area of a non-degenerate right triangle with sides of length sin x, cosz,
and tan z, where z is a real number.

Solution 7. Let AABC be a right triangle with hypotenuse BC and side lengths sin z, cos ¢, and tan z. There are
three cases to consider, depending on the length chosen for BC. If BC = tanx, then tan? z = sin® z + cos? z =
1 = tanz = 1 = x = 45°. In this case, ABC would be an isosceles right triangle with legs of length
sin45° = §7 so [ABC] would be 45:4¢ = 1,

Because sin x, cosx, and tan xz must all be positive,

=sinx.

Thus it cannot be the case that BC = sin z, because the hypotenuse is the longest side of the triangle.
s 2
Finally, if BC' = cosz, then [ABC] = ABAC — S 2 4 cos? ¢ = sin®  + tan? 7. The latter equation can be

. 2cosx
rewritten as

cos* = (sin” x)(cos®)x + sin® x

cos?z = (1 — cos® z) cos? z + (1 — cos® z)

2costx = 1,
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csinfz=1-— V2 Thus

and so cosz = = = 5

V2

ol
[\
“I5%

0]

RNy

[ABC| = (2v2-¥8).

The last step is to compare the value above with i. To see that the value above is less than i, observe that
4+/2 < 5 because (4v/2)* = 512 < 625 = 5. Next, observe that 2v/8 > 3 because (2v/8)* = 27 = 128 > 81 =
3%. Put these facts together to see that

%(m- VB) = < (1v2 - 298) < %(5-3): kS

col| —

‘S
N
‘Sm

Thus the answer is

Problem 8. Let P(z) be the polynomial 23+ Axz?+ Bx+ C for some constants A, B, and C. There exist constants
D and E such that for all z, P(x + 1) = 2% + D2? + 54z + 37 and P(x +2) = 2% + 2622 + Ex + 115. Compute
the ordered triple (4, B, C).

Solution 8. Plug « = 0 into the given equation involving P(z + 2) to obtain P(2) = 115. Next, plug in = 1 into
the given equation involving P(x + 1) to obtain P(2) =14 D + 54 + 37. Thus D = 115 — (1 4 54 4 37) = 23.
Then P(z) = P((x —1)+1) = (z — 1)> +23(x — 1)® + 54(x — 1) + 37 = 2® 4+ 202% + 112 + 5, hence (A, B,C) =
(20,11, 5). It can be verified that E = 103.

Problem 9. An n-sided die has the integers between 1 and n (inclusive) on its faces. All values on the faces of
the die are equally likely to be rolled. An 8-sided die, a 12-sided die, and a 20-sided die are rolled. Compute
the probability that one of the values rolled is equal to the sum of the other two values rolled.

Solution 9. Let a,b, and ¢ be the values rolled on the 8-, 12-, and 20-sided dice, respectively. Call a triple (a, b, ¢)
of rolls great if one roll equals the sum of the other two.

Imagine that the first two dice are rolled (so that a and b are determined), and then the 20-sided die is
rolled. Then the triple (a, b, c) is great if either c = a+ b, ¢ = a — b, or ¢ = b — a. The first case is possible
for any pair of rolls (a,b), and the probability is 2—10 for each such pair. The second and third cases are only
possible if a > b or if b > a, respectively, but again, in each of these cases, the probability of obtaining the

proper value of ¢ is %. So the total probability of rolling a great triple satisfying either c=a—borc=b—a
is simply o5 - P(a >borb>a). But Pl@>borb>a)=1-Pla=b)=1— % =1— 5 = 11, (This value is
simply the probability that whatever number was rolled on the 8-sided die also comes up on the 12-sided die.)
So the total probability of rolling a great triple is % + % = %.

Problem 10. Compute the largest of the three prime divisors of 13% + 16° — 1722.

Solution 10. Let N = 13* + 16° — 1722. Notice that 16° = (2%)® = 220 and 13* — 1722 = 1692 — 1722 =
(169 — 172)(169 + 172) = —3-341 = —1023 = 1 — 2!°. Thus N = 22° — 210 4 . Multiply by 1025 = 2'0 + 1 to
obtain

1025 - N = (229 — 219 1 1)(21° + 1)
=230 41,
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The right-hand side can be refactored via the identity 4u® + 1 = (2u? + 2u + 1)(2u? — 2u + 1), using v = 27:

1025-N = (2-2" +2.2" +1)(2-2" —2.27 +1)
52.41- N = (32768 4 256 + 1)(32768 — 256 + 1)
= 33025 - 32513
= (25-1321)(41 - 793)
N = 1321 - 793.

Searching for small prime divisors leads to 793 = 13 - 61, so 1321 is the largest prime factor of N.
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9 Relay Problems

Relay 1-1 Compute the number of lattice points on the graph of y = (z — 153)(153_‘”2).
Relay 1-2 Let T = TNYWR. Let r and s be the zeros of 22 — 4Tz + T?. Compute /7 + /3.

Relay 1-3 Let T = TNYW R. Among all triples of integers (a, b, ¢) satisfying 2 + 4% = 8¢, compute the least value
of a + b+ ¢ greater than T2.

Relay 2-1 Compute the number of ways to assign the integers {1,2,...,7} to each of the
hexagons in the figure to the right such that every pair of numbers in edge-
adjacent hexagons is relatively prime.

Relay 2-2 Let T = TNYWR. In right triangle ABC with hypotenuse BC, AB = T and BC = 27:’3: A circle passes

through A and is tangent to BC' at its midpoint. Compute the radius of the circle.

Relay 2-3 Let T = TNYW R. Compute the number of ways to make $7" from an unlimited supply of $10 bills, $5
bills, and $1 bills.
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10 Relay Answers

Answer 1-1 27
Answer 1-2 91/2
Answer 1-3 169
Answer 2-1 72
Answer 2-2 24

Answer 2-3 9
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11 Relay Solutions

Relay 1-1 Compute the number of lattice points on the graph of y = (z — 153)(153_‘”2).

Solution 1-1 For an integer x, (x — 153)(153_’”2) will be an integer if and only if one of the following three conditions
is satisfied:

(1) 153 — 22 >0,
(2) x—153=—1orl,
(3) z—153 =0 and 153 — 22 > 0.

For the first case, there are 25 solutions for —12 < x < 12. For the second case, there are two solutions
(r = 152 or 154). There are no solutions for the third case, as 153 — 1532 < 0. Hence there are 27 lattice
points on the graph.

Relay 1-2 Let T = TNYWR. Let r and s be the zeros of 2% — 4Tz + T?. Compute /7 + /5.

Solution 1-2 Let u = /7 + /5. Then u? = 7 + s + 2y/rs. The sum of the zeros of #? — 4Tx + T? is 4T and their
product is T2. Thus u? = 4T + 2|T|. With T = 27, u® = 6 x 27, so u = 9v/2.

Relay 1-3 Let T = TNYWR. Among all triples of integers (a, b, ¢) satisfying 2% 4+ 4% = 8¢, compute the least value
of a + b+ c greater than T2.

Solution 1-3 Rewrite the equation with common bases to obtain 2% 4- 22> = 23¢, The only case in which the sum
of two integer powers of 2 equals a third integer power of 2 occurs when the summands have equal exponents,
soa=20,3c=a+1l,anda+b+c=a+ 35+ GTH = %. For all three values to be integers, a must be an
even number of the form 3k — 1. As T = 9v/2, T? = 162 and % >162=11la+2> 972 = a > % > 88.
The least even integer value a of the form 3k — 1 greater than 88 is 92, and the sum is 92 + 46 + 31 = 169.

Relay 2-1 Compute the number of ways to assign the integers {1,2,...,7} to each of the
hexagons in the figure to the right such that every pair of numbers in edge-
adjacent hexagons is relatively prime.

Solution 2-1 No two even numbers can be adjacent, so the three even numbers must be in alternating hexagons on
the boundary. There are two ways to select alternating hexagons on the boundary, and six ways to assign the
even numbers to the three hexagons. The number 3 cannot be adjacent to 6, hence the 3 must be opposite the
6. Then the remaining odd numbers can be assigned in any way in the remaining three hexagons. Hence the
total number of arrangements is 2 x 6 x 6 = 72.

Relay 2-2 Let T = TNYWR. In right triangle ABC with hypotenuse BC, AB = T and BC = 2—\/2 A circle passes

through A and is tangent to BC at its midpoint. Compute the radius of the circle.
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Solution 2-2 Note that AABC is a 30-60-90 right triangle, so AC = % Let point C’ be obtained by reflecting
point C' about. AB so that ACBC' is equilateral. Note that the circle which passes through A and which is
tangent to BC at its midpoint happens to be the incircle of ACBC’! The radius of the incircle is one-third

the altitude of ACBC’, so the radius is % As T = 72, the radius is 24.

Relay 2-3 Let T = TNYW R. Compute the number of ways to make $7" from an unlimited supply of $10 bills, $5
bills, and $1 bills.

Solution 2-3 Let T'= 10t + 5f + n, where t, f, and n are non-negative integers representing the number of tens,
fives, and ones, respectively. Then 2t + f < L%J, with the remaining total consisting of $1 bills. The number of
ways to make $7 is equal to the number of lattice points (¢, f) contained in the triangle bounded by the lines
t=0,f=0,and 2t + f = L%j When ¢ = 0, there are L%J + 1 possible values of f. Incrementing ¢ by one
reduces by two the number of values of f for which there is a solution. As T' = 24, L%J + 1 =5, and there are
543+ 1 =9 solutions: (¢, f,n) = (0,0,24),(0,1,19),(0,2,14),(0,3,9), (0,4, 4),(1,0,14),(1,1,9),(1,2,4), and
(2,0,4).
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12

. Let T = TNYWR. In rectangle ARM L, diagrammed at right (not drawn to scale), LN

Super Relay

. Given that a,b, and c are positive integers with ab = 20 and bc = 16, compute the positive difference between

the maximum and minimum possible values of a + b + c.

. Let T = TNYWR. Mary circles a number in one of the first six rows of Pascal’s

Triangle, shown at right. Jim then circles another number — possibly having the . 1 .
same value as Mary’s number — but Jim’s circle cannot coincide with Mary’s circle. 1 92 1
For example, if Mary circles the top “1”, then Jim can circle any number other than 1 3 3 1
the top “1”. The product of the two circled numbers is then computed. Compute the 1 4 6 4 1

number of possible distinct products that are greater than 7.

. Let T = TNYW R. The diagram at right shows part of a 2x T checkerboard

pattern. A 1 x 3 tile is randomly placed on the board so that it completely -
covers three unit squares. Compute the probability that two of the covered

squares are black.

. Let T = TNYWR. Leo rides his bike at 167" miles per hour and Carla and Rita both ride their bikes at 12

miles per hour. Leo and Carla start at the points (0,0) and (60, 0), respectively, and they begin biking towards
each other (along the z-axis), where the units of both coordinate axes are in miles. At the same time, Rita
starts biking from the point (a,b), where a > 0, and she is riding along the line x = a, towards the z-axis.
Compute the value of a such that Leo, Carla, and Rita will meet at the same moment.

N is the midpoint of AR, NL = 40, and AN = T. Arc LPM is an arc of a circle
centered at N, P is the midpoint of arc LPM, and arc LP’M is the reflection of
LPM across LM. Given that P’ is the midpoint of arc LP’M, compute N P’.

LA——=tV1

P

. Let T = TNYWR. Let p and ¢ be distinct primes and for each positive integer n, let d(n) be the number

d(p"q")

— 2 is an
d(pT+1q?)

of positive divisors of n. Compute the least possible positive integer k such that the quotient
integer.

Let T =TNYWR. An ARML team of 15 students contains k boys and 15 — k girls. The value of k satisfies

the equation (T3+1) = 325k. Compute the probability that a randomly chosen student from the team is a boy.

15.

14.

13.
12.

11.

A dartboard is made up of two concentric circles that have radii 20 and 16. A dart is thrown at random and
hits the board. Compute the probability that the dart lands in the circle of radius 16.

Let T=TNYWR. Let A=25 R =A% M = R' and L = M7T. Given that K and L are positive integers,
compute the least possible value of A.

Let T = TNYWR. Compute 2'°87 8 — glogr 2,

Let T =TNYWR. Compute the value of k such that the following system of equations has a solution.

z+y = T
20 +16y = 8
kx+20y = 16.

Let T'=TNYW R. John has T distinct baseball cards and Benson has 27" distinct baseball cards, which include
the same T cards that John has. John randomly chooses two cards from Benson’s deck. The probability that

exactly one of the chosen cards is not in John’s deck can be expressed in the form % Compute K.
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10. Let T = TNYWR. In circle O, perpendicular chords AR and ML intersect at N. Given that AN = T,
RN =5, and M N = 25, compute the area of circle O.

9. Let T=TNYWR, and let K = L%J Consider the sequence defined by a; = 20, as = 16, and for n > 3, a,, is
ax

the units digit of a,_1 + ap_2. Compute 0"

8. Let ¢ be the number you will receive from position 7 and let s be the number you will receive from position 9.
In AABC, point H lies on BC' such that AH | BC. Given that the sides of AABC' are integers, tan /B = t,
and sin ZCAH = s, compute the least possible perimeter of AABC.
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15.
14.
13.
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11.
10.
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14 Super Relay Solutions

Problem 1. Given that a,b, and c are positive integers with ab = 20 and bc = 16, compute the positive difference
between the maximum and minimum possible values of a + b + c.

Solution 1. Note that 5 must divide a, hence a must be either 5,10, or 20. Thus the possible solutions (a, b, ¢)
are (5,4,4), (10,2,8), and (20,1, 16). The first of these gives the minimum possible sum a + b + ¢ of 13 while
the last of these gives the maximum possible sum a 4+ b + ¢ of 37. Thus the answer is 37 — 13 = 24.

Problem 2. Let T = TNYWR. Mary circles a number in one of the first six rows of Pascal’s
Triangle, shown at right. Jim then circles another number — possibly having the

1 1
same value as Mary’s number — but Jim’s circle cannot coincide with Mary’s circle. L2 1
For example, if Mary circles the top “1”, then Jim can circle any number other than 1 3 3 1
the top “1”. The product of the two circled numbers is then computed. Compute the 1 4 6 4 1

number of possible distinct products that are greater than T

Solution 2. Before receiving a value of T', it makes sense to list out all the possible products. There are 6 products
that are greater than 7' (= 24): 25 (5 x 5), 30 (5 x 6 = 3 x 10), 40 (4 x 10), 50 (5 x 10), 60 (6 x 10), and 100
(10 x 10).

Problem 3. LetT =TNYWR. The diagram at right shows part of a 2xT checkerboard o
pattern. A 1 x 3 tile is randomly placed on the board so that it completely o
covers three unit squares. Compute the probability that two of the covered

squares are black.

Solution 3. Note that for any possible position of the 1 x 3 tile’s left boundary, there are exactly two placements
of the tile (in the first row or in the second row). Exactly one of these placements will cover two white squares
and one black square, and the other will cover two black squares and one white square. Because these options
are equally likely, the probability that the 1 x 3 tile covers two black squares is therefore % (independent of the
value of T).

Problem 4. Let T = TNYWR. Leo rides his bike at 167 miles per hour and Carla and Rita both ride their bikes
at 12 miles per hour. Leo and Carla start at the points (0,0) and (60, 0), respectively, and they begin biking
towards each other (along the z-axis), where the units of both coordinate axes are in miles. At the same time,
Rita starts biking from the point (a,b), where a > 0, and she is riding along the line = a, towards the z-axis.
Compute the value of a such that Leo, Carla, and Rita will meet at the same moment.

Solution 4. First note that because Carla and Rita ride at the same speed, Carla should ride a distance of b (i.e.,
Rita’s initial y-coordinate) and Leo should ride a distance of a = 60 — b in order for them to meet at the same

time. If £ is the ratio of Leo’s speed to Carla’s and Rita’s speed, then %jb = Go—a =T, hence a = 163’; = giiTT.
With T = %, it follows that a = 24.
Problem 5. Let T = TNYWR. In rectangle ARM L, diagrammed at right (not drawn to scale), AN n

N is the midpoint of AR, NL = 40, and AN = T. Arc LPM is an arc of a circle
centered at N, P is the midpoint of arc LPM, and arc LP'M is the reflection of
LPM across LM. Given that P’ is the midpoint of arc LP'M, compute NP’.
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Solution 5. Let NP intersect LM at Q. Because NP = NL = 40, it follows that PQ = 40 — AL. Because
P'Q = PQ, it follows that NP' = AL — (40 — AL) = 2- AL — 40. With T = 24, it follows that ANAL is
similar to a 3—4—5 triangle, hence AL = 32, and NP’ = 24.

Problem 6. Let T = TNYWR. Let p and ¢q be distinct primes and for each positive integer n, let d(n) be the
T4+2 k
number of positive divisors of n. Compute the least possible positive integer k such that the quotient %
is an integer.

Solution 6. Note that d(p?+2¢*) = (T +3)(k + 1) because a positive divisor of p? +2¢* is of the form p®q¥, where

x and y are integers satisfying 0 < # < T+ 2 and 0 < y < k. Similarly, d(p?+1¢?) = 3(T + 2). Thus the
%. Note that 7'+ 3 and T+ 2 are relatively prime, so either k =T + 1 if 3 divides T+ 3
or k =3T + 5 if 3 does not divide T+ 3. With T = 24, the former case applies, thus k = 25.

quotient is

Problem 7. Let T=TNYWR. An ARML team of 15 students contains k boys and 15 — k girls. The value of k
satisfies the equation (T3+1) = 325k. Compute the probability that a randomly chosen student from the team
is a boy.

Solution 7. With T = 25, (236) = %‘?'24 = 2600. Thus k = 2600/325 = 8, and the desired probability is %.

Problem 15. A dartboard is made up of two concentric circles that have radii 20 and 16. A dart is thrown at
random and hits the board. Compute the probability that the dart lands in the circle of radius 16.

Solution 15. The inner circle has radius 16 and therefore has area m - 162. The outer circle has radius 20 and

therefore has area 7 - 202. The probability that a dart lands in the inner circle is the ratio of these areas, so
w162 _ (16)2 _ (4)2 _ 16

w202 — \20 5/ T 25"

the desired probability is

Problem 14. Let T = TNYWR. Let A = 2K R = A2, M = R'S, and L = M7T. Given that K and L are
positive integers, compute the least possible value of A.

Solution 14. Note that R = (A%)20 = A20K )N = R0 = A320K and L = MT = A%?9KT_ If T is a positive
integer, then K = 1 suffices. On the other hand, if 7" is a rational number (say § in lowest terms), but not a

P _ d ; _ 16 _ 25 _ _ 95 _
positive integer, then K = Zed(330.d) " With T'= 32, K = 20d(32035) — 5. Thus A = 2° = 32.

Problem 13. Let T = TNYWR. Compute 29878 _ glogr 2,

Solution 13. Note that 210878 = 2logr2® — 93logr 2 _ glogr 2, Thus, so long as T is positive and T # 1 (to ensure
that the function log; is defined), the expression 2!°878 — 8logr2 equals 0. Because T = 32 satisfies these
constraints, the answer is 0.

Problem 12. Let T = TNYWR. Compute the value of k£ such that the following system of equations has a

solution.
z+y = T
20x+ 16y = 8
kx+20y = 16.
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Solution 12. Subtract sixteen times the first equation from the second equation to obtain 4x = 8 — 167. Thus
x = 2 —4T. Plug this into the first equation to get y = T — x = 5T — 2. Plug in these values for = and y

into the third equation to obtain k(2 — 47T) + 20(57 —2) = 16 — k = % With T = 0, it follows that

k=28 =28

Problem 11. Let T = TNYWR. John has T distinct baseball cards and Benson has 27 distinct baseball cards,
which include the same T cards that John has. John randomly chooses two cards from Benson’s deck. The

probability that exactly one of the chosen cards is not in John’s deck can be expressed in the form % Compute
K.

Solution 11. There are (22T ) = T(2T — 1) possible selections of two cards that John can choose from Benson’s
deck. Of those, there will be T2 pairs of cards, exactly one of which is not in John’s deck. Hence the desired

probability is 75— = 57—, hence K = 2T — 1. With T = 28, K = 55.

Problem 10. Let T = TNYWR. In circle O, perpendicular chords AR and ML intersect at N. Given that
AN =T, RN =5, and M N = 25, compute the area of circle O.

Solution 10. Note that by Power of a Point, LN = % = % With T' = 55, LN = 11. Let P be the foot
of the perpendicular from O to AR and let Q be the foot of the perpendicular from O to ML. Note that
AP = 3(55+5) = 30 and MQ = $(25 + 11) = 18. Because chords AR and ML are perpendicular, it follows
that OP = QN = MN — M@ = 7 and that OQ = PN = PR — NR = 30 — 5 = 25. Letting r be the radius of

circle O, it follows that r? = 302 + 72 = 182 + 252 = 949, hence the answer is 9497.

Problem 9. Let T = TNYWR, and let K = L%J Consider the sequence defined by a; = 20, as = 16, and for
n > 3, a, is the units digit of a,_1 + a,—_2. Compute %.

Solution 9. Ignoring the tens digits of the first two terms, the sequence is
0,6,6,2,8,0,8,8,6,4,0,4,4,8,2,0,2,2,4,6,0,6,6,2, ... .

Note that this sequence is periodic with period 20. Thus when m is an integer, asg,, = 6. With 7' = 949,
K =949, and agq9 = 6. Counting 9 terms into the next block of 20 terms, conclude that agq9 = 6, hence the
desired ratio is %

Problem 8. Let ¢t be the number you will receive from position 7 and let s be the number you will receive from
position 9. In AABC, point H lies on BC such that AH 1 BC. Given that the sides of AABC are integers,
tan ZB = t, and sin ZC'AH = s, compute the least possible perimeter of AABC.

Solution 8. Let BH = z and AC = y. Then AH = tx and CH = sy. By the Pythagorean Theorem, AB =
V1 4+ 12 and t222 + s%y? = 3%, hence AC =y = \/L With t = £ and s = 2, note that triangles AHB

Erel 15 59
and CH A are similar to 8—15—17 and 3—4—5 triangles, respectively. Setting = = 15 gives AH = 8, AB = 17,
CH = 6, and AC = 10. Thus the minimum perimeter of AABC is 17+ 10 + (15 + 6) = 48.
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15 Tiebreaker Problems

Problem 1. Compute the least value of IV such that there are exactly 43 ordered quadruples of positive integers
(a,b,c,d) satisfying N = a? + b + % + d°.

Problem 2. Regular octagon HEPTAGON has legs of length 8. Segments ET and PA intersect at X. Compute
the area of heptagon HEX AGON.

Problem 3. Compute the base-10 value of 1115 4 2223 + 3334 + - - - + 8889.
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16 Tiebreaker Answers

Answer 1. 100
Answer 2. 112+ 1122

Answer 3. 2016
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17 Tiebreaker Solutions

Problem 1. Compute the least value of IV such that there are exactly 43 ordered quadruples of positive integers
(a,b,c,d) satisfying N = a? + b + % + d°.

Solution 1. To understand how to count the number of ordered quadruples that satisfy the given equation, it is
useful to consider a particular value of N and a particular solution to the resulting equation. So, for example,
with N = 18, one solution is (1,2,2,3). Because of the symmetry of the expression a? + b* + ¢ + d?, any
permutation of (1,2,2,3) is also a solution, so there are ‘2% = 12 different quadruples corresponding to the same

values; call the set of all such quadruples a solution class. This observation suggests starting by identifying

different possible sizes of solution classes. Assuming that the initial values satisfy a < b < ¢ < d, the different

solution classes and their sizes are given in the following table.

Solution class Size
a<b<e<d 41=24
a=b<c<d
a<b=c<d 3—3212
a<b<c=d

a=b<c=d 5197 = 0

a=b=c<d )
a<b=c=d 3!
a=b=c=d 1

The goal is then to identify the least value of N such that the sizes of the different solution classes sum
to 43. Note that 43 is odd, while all but one of the class sizes are even. So for some positive integer m,
N =m?+m? +m? +m? = 4m? = (2m)%2. Thus N is not only even, it is the square of an even number.
Furthermore, note that all other solution classes except the case a = b < ¢ = d have sizes divisible by four.
Because 42 is not divisible by four, there must also be a solution of the form N = a?+a® + ¢ + ¢ = 2a? +2¢2,
which implies that half of IV is a sum of squares of distinct integers.

These two insights rule out several small cases, because for m = 1,2,3,4, N/2 = 2,8,18,32 respectively,
and none of these is the sum of two distinct squares. On the other hand, m = 5 yields N = 100, and
N/2 =50 = 12 + 72, which is promising! In fact,

100 = 9% + 3>+ 32417
:82+42+42+22
:72+52+52+127

yielding a total of 31246+ 1 = 43 solutions. For N = 100, note that if the resulting equation had a solution
of the form a = b = ¢ < d, then because 100 is not a multiple of 3, d cannot be a multiple of 3. Similarly, if a
solution of the form a < b = ¢ = d existed, then a cannot be a multiple of 3. But because none of (100 — 12)/3,
(100 —22)/3, (100—42)/3, (100 —72)/3, or (100 —82)/3 is a perfect square, and because (100 —52)/3 = 25 = 52,
corresponds to the case 100 = 52 4+ 52 + 52 + 52, which has already been accounted for, it follows that there are
no solutions of the forma=b=c<dora<b=c=d.

Lastly, for N = 100, the equation has no solutions of the form a < b < ¢ < d. To see this, note that a perfect
square is either congruent to 1 or 0 modulo 4, depending on its parity. Given that a? + b? 4+ ¢? +d? = 100 = 0
(mod 4), it follows that a, b, ¢ and d must all have the same parity. If all are even, then the least possible value
of a® +b% +c? +d? with a < b < ¢ < d would be 22 + 42 4+ 62 482 = 120 which is larger than 100. If all are odd,
then the least value is 12 432 4+ 52 + 72 = 84 # 100. The second smallest value is 12 4 32 452 +92 = 116. Thus
there are no solutions in the solution class a < b < ¢ < d, and so the least value of N for which the equation
a® 4+ b? + ¢® + d?> = N has 43 solutions is 100.
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Problem 2. Regular octagon HEPTAGON has legs of length 8. Segments ET and PA intersect at X. Compute
the area of heptagon HEX AGON.

Solution 2. Dissect heptagon HEXAGON into hexagon HEAGON and AAXFE. First compute the area of
hexagon HEAGON. Extend HE and ON to meet at Q, and extend ON and AG to meet at R. Note that
AHNQ and AGOR are isosceles right triangles each with hypotenuse of length 8. Thus each triangle has legs
of length 4v/2 and therefore [HNQ] = [GOR] = 1 (4v/2)? = 16. Therefore

[HEAGON] = [AEQR)] — [HNQ)] — [GOR]
=QR-QE—16—16
= (QN + NO + OR)(QH + HE) — 32
= (8 +8V2)(8 +4V2) — 32
= 96 4 96V/2.

Next, compute [AX E]. Draw in altitude XY from X to E'A, so that
[AXE] = LFA- XY = (4 +4V?2) - XY.

To complete this computation, determine XY as follows. Draw HA. Because HA | ET and HE || XY,
triangles HEA and XY FE are similar. Specifically, EY = %EA, so XY = %HE = 4. Thus

[AXE] = (4 +4v?2) -4 = (16 + 16V2).
Finally, combine these computations to obtain

[HEXAGON] = [HEAGON] + [AXE]
= (96 + 96v/2) + (16 + 16v/2)
=112 +112V2.

Problem 3. Compute the base-10 value of 1115 + 2223 + 3334 + - - - + 888g.

Solution 3.  Note that mmm,, ., = (m +1)* — 1. So the desired sum S is

S=2 1)+ +(9*-1)
=2+ +9%) -8
=(1*+2° 4+ +9%) -8 1%

2
Use the identity 13 +23 4+ .- +n3 = (1 +2+---+n)? = (%) to obtain

2
S = (9210> —9=45%—-9=2016.

36



