LSU EE 7722 Homework 6 Due: 3 May 2025

""""""""""""""""""" Solution Formatted 11:10, 9 May 2025

This assignment describes some important accelerators, but papers on only two of them need to be read,
the Google TPUv1 and the AttAcc PIM system.

In class we spent much of the semester showing how recent generation GPUs can be used for matrix/
matrix multiplication, though understanding that they were designed for a larger class of computations. This
week we will look at some accelerators designed specifically for machine learning workloads that are dom-
inated by matrix/matrix multiplication. These include Google’s TPU chips, Cerebras wafer-scale systems,
and Tesla’s DOJO. Google’s TPU chips have been developed over several generations so one can assume
that they are a good approach for accelerating ML workloads. Cerebras is a newer product, so one must
wait a few years to see if its approaches are truly useful.

The NVIDIA GPUs, the Google TPUs, Cerebras’ systems, and DOJO each take a different approach
to accelerating these workloads.

One way to look at them is by the path an operand takes to a functional unit. In the NVIDIA GPUs
and operand’s starting point can be DRAM, the L2 cache, the L1 cache (or shared memory), or a register.
First consider a register. Each thread can read up to 255 registers. So the hardware must provide a path for
each of those 255 registers to the operand ports of an FP32 unit (plus other functional units). The amount
of energy it takes to move an operand from a register to the functional unit increases with the number of
registers. So, if a thread could only access 16 registers the energy needed to move an operand from a register
to a functional unit would be lower. Energy is often a limiter, for the obvious reason that electricity isn’t
free, but also because it determines an upper limit on clock frequency beyond which the chip can’t be kept
from overheating.

As we’ve noted in class, with more registers one can hide more latency, which may be one reason NVIDIA
GPUs have so many compared to CPU ISAs. (To make a fair comparison in a GPU one must consider the
maximum number of registers accessible by all warps, since the register file must provide a register for all
of them. For a CPU there are two other factors. First, Intel-64 implementations have two contexts. So,
that doubles the number of registers. Another factor is that many Intel cores are dynamically scheduled,
so when comparing the number of registers one must look at the size of the physical register file. To keep
things simple we won’t consider CPU ISAs here.)

The GPU L1 cache is larger (and varies by device). Energy per access is increased by the size itself and
the fact that one must do a tag-store lookup to see if the data is cached. Even more energy is needed if the
data is brought from the L2, and more from DRAM.

What sets the different accelerators apart then is the path taken by an operand. The path taken by an
operand is simplest in a systolic array. (For a detailed description of systolic arrays used in DNN accelerators
see [12].) A systolic array consists of simple processing elements connected into a 2D mesh:
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A systolic array can be used to compute many different things, the one illustrated above can be used for
matrix/matrix multiplication. Notice that the value provided to each functional unit (multiplier or adder)
is read from one register. That takes much less energy than reading one of many values from a register
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file. Clearly one needs more than just a systolic array to make an accelerator. But the approach used by
Google’s TPUs is to have most of the computation done by large systolic arrays, realizing significant energy
savings. Google’s original TPU had one 256 x 256 systolic array capable of operating on 8b integer values,
accumulating to 32-bit values [5]. Later designs had two or four 128 x 128 systolic arrays, augmented by
128-element vector units [4]. Note from the future: TPU v6e once again uses 256 x 256 systolic arrays.

Intermediate between the conventional (relatively) memory hierarchy of the NVIDIA GPUs and the
minimalist systolic array, is an old idea: a mesh (2D array) connection of simple processing elements, but
not as simple as those in a systolic array.

Two examples are the Cerebras wafer-scale systems [7] and Tesla’s DOJO [10]. These will be discussed
in class next week (the week of 29 April 2024).

For this assignment, and to prepare for the final exam read the following papers. First, read the papers
describing Google’s TPU accelerators, all of which use large systolic arrays. The first paper, Jouppi 17 [5],
describes Google’s first TPU, now called TPUv1l. Though TPUv1 is primitive compared to later designs,
the paper does provide more detail, and so will be the basis of some questions in this assignment. That is,
you need to understand that paper fairly well. The TPUv1 systolic array was limited to integer arithmetic,
limiting its use to inference. Google’s next GPUs TPUv2 and TPUv3 were designed to handle both inference
and training. To support training these chips use systolic arrays that operate on 16-bit floating-point data,
the BF16 (brain-float) format. These are described in several papers, see [4, 8], concentrate on [4]. Google
has developed a TPUv4, those who are curious can read [3] and [2], but reading those papers is not required.
The systolic array has been increased to 256 x 256 in TPUv5 and TPUv6, and TPUv7 was announced for
2025.

Several things set Cerebras systems apart from other accelerators. First, they span an entire wafer, not
just a chip. (Normally chips are fabricated on wafers, which are then cut up into chips. In a wafer-scale
system the wafer is not cut up, the entire wafer is used.) The Cerebras machines will not be covered in
details this semester (2025), but for those who are curious see [7].

CPUs and GPUs do well on code with higher computational intensity (ratio of number of FP operations
to number of operands). Consider code computing a[i]l = b[i] + c[i]. Its computational intensity is %,
that of a GPU is over 100 for SP, so the FP units will be idle most of the time. It would not be possible using
current technology to increase data bandwidth of CPUs and GPUs to the point where they could sustain

execution of code at %

One idea for handling computations with low computational intensity that has been considered for
decades is performing the computation near the memory, perhaps even on the DRAM chips, a technique
called processing in memory (PIM). Consider the computation a[i] = a[i] * s. To perform the computation
a is read from memory to the GPU (or CPU) and the updated a is written back. The time bound is twice
the array size divided by the data bandwidth. DRAM chips contain a hierarchy of structures, at or near the
lowest level are banks, where the data is stored. A single DRAM chip can contain many banks (say 128).
When reading from the chip only one of these may provide the data, which sort of wastes the remaining
bandwidth. To compute a[i]l=a[i]*s one might place compute units near each bank and send a command
to each bank to start the computation. Each bank would read its part of the a array, and so the amount of
data movement would be 128 x what is possible for a device off the DRAM chip.

That huge potential is the promise. There are several problems. One is that some kind of a compute
device would need to be put near each bank (or at a place higher in the hierarchy). They would probably be
idle most of the time. Another issue is that digital logic takes up more space on a DRAM chip than it does
on CPU and GPU chips. For that reason these processing elements must be kept very simple. For one, they
usually only can get data from the DRAM bank they are near or from commands sent from a CPU or GPU.
That’s okay for computing a[i] = a[i] * s because the a are local to the bank and only one external piece
of data is needed, s. A PIM would have much more trouble computing a[i] = b[i] + c[i] because b and
c would be in different banks, and the result might need to be written to a third. In principle it is possible to
interleave a, b, and c so that, say a[7], b[7], c[7] are all in the same bank, but that might make things
more difficult for the prior step in the computation that wrote b and ¢ and the next step that reads a.

This is why PIM systems are research topics rather than commercial products. (There have been brave



companies trying to find a market, see [6, 1].) One important computation that is driving recent PIM activity
is the attention computation in transformer models [11]. The computationally tricky part is a matrix/vector
multiply. That happens during generation (of new tokens) when a query, the vector, needs to be multiplied
by a matrix of keys, one key for each token in the context. The size of the key matrix can be huge can can’t
practically be reused. (A key will be used for each subsequent generated token, but the amount of data
passing through the system between the first use of a key and its next use is huge so a key can’t be sitting
around in a cache, much less a register, waiting for the next use.)

One interesting paper describing using a PIM for the attention computation is Park, et al [9]. The
paper contrasts the reuse possible in some parts of the a transformer computation (the fully-connected [FC|
networks used to create the keys, and also queries and values, and FC networks for other purposes) with
computing attention.

Read Park 24 [9], focus on the introduction and try to understand what the GEMV units do and where
they might be placed. This will be discussed further in class.

You should be able to get copies of all of these papers for free on campus. Off campus you might be
asked to pay. Please E-mail me if you have any problems getting a free copy.

Problem 1: Answer the following questions about Google’s TPUs as described by Norman Jouppi and his
many collaborators. Several of the questions below are based on the TPUv1 paper [5]. (These questions
were also asked in 2024.)

In the matrix multiply code used in class (in mm.cu) we worked with two sizes.

(a) Describe the problem with multiplying matrix A, 96 x 32, by matrix B, 32 x 29700 on the TPUv1. Matrix
elements are 8 bit integers, so data type is not the problem.

There is a minor problem and a major problem. The minor problem is that matrix B is much 100 large to it on the 256 x 256
systolic array. But A can, so instead of computing AB, compute (BT AT)T. So long as it is easy to get the transposed arrays,
computing the product of the transposes is not & problem.

The major problem is that A is too small o use the entire systolic array. The simplest solution is to put one copy of A™ on the

systolic array. But that would oceupy 522X95 — 3~ 4.69% of the array. We could do better by putting two copies of AT, one

starting at row 0, column 0, the other at row 32, column 96, which would double oceupation 1o 9.38%. Not great but twice as good
ag bafore. In the parts below utilization is based on the entire computation, accounting for the time to start streaming the results in
and draining the results out. Because B3 has lots of columns (and so BT has lots of rows) utilization will be close to oeeupation.

M Which matrix should be the weights? (Note that either A or B could be considered the weights.)
As deserined above, AT the transpose of the A matrix.

M How many cycles will it take to complete the multiplication?

17 just one copy of A were used 29700 4 32 + 96 = 29828 cycles. If two copies waere placed in the systolie array then two
rows of BT would enter each cyele, and 5o the time would be 29700/2 + 32 + 2 x 96 = 15074 cycles.

M What fraction of the systolic array will be utilized?

i i i 5 i 29700x32x96 ~
Based on the eycles given above for when one copy of A is on the array, the utilization in (397001 32196356 X756 ~ 4.67%.
i 29700x32x96 ~
When there are tWo COPIS (557057513915 067956% 256 ~ 9.24%.

(b) Describe the problem with multiplying matrix A, 1536 x 512, by matrix B, 512 x 2970 on the TPUvl.
Matrix elements are 8 bit integers, so data type is not the problem.

In this case both matrices are larger. The A matrix dimensions are integer multiples of the systolic array dimensions, so again

put AT in the systolic array. But to do this we need to do the computation in 1238 x 512 — 6 x 2 = 12 steps.

M Which matrix should be the weights? (Note that either A or B could be considered the weights.)
The A matrix again, transposed again.



M How many cycles will it take to complete the multiplication?

Multiplying & single 2970 x 256 tile of B by a 256 x 256 tile of A would take 2970 + 256 + 256 cycles. If tha tiles are
not overlapped, meaning the second tile does not start until the Airst tile completely finishes the time to multiply all 6 x 2 = 12
tiles of B would take (2970 + 256 4 256) x 6 x 2 = 41784 cycles. This computation aiso ignores the time to 10ad the weights.

M What fraction of the systolic array will be utilized?

IT it took 41784 cycles 1o MUITIPlY the arrays then utilization would be 29T0XBI2X1530 — 85307 17 the tiles could be
overlapped then the utilization would be mueh closer to 100%.

Problem 2: Do your best to answer the questions below about AttAcc described in Park 24 [9], if necessary
make guesses of numbers, such as a clock frequency.

(a) The paper describes three configurations, buffer, BG, and bank. For each, compute the maximum
computation rate of the GEMV units in FP operations per second. Base this on the descriptions of the
GEMYV units, including how many there are, what they can do, and the clock frequency.

The AttAce system analyzed consists for 40 HBMs.

Each HBM consists of 8 dice, and each die has 8 x 4 = 32 bank groups (BG) and four banks per BG or 8 x 4 x 4 = 128
banks. So each HBM has 8 x 32 = 256 bank groups and 8 x 128 = 1024 banks. Finally, an AttAcc has 40 x 256 = 10240
bank groups and 40 x 1024 = 40960 banks.

Each GEMV has 16 multiply units and 16 add units and is clocked at 666 MHz for a rate of 16 x666 MHz = 10.6 GFLOP /s,
counting & multiply and add as one operation as we've done in class.

In Attpg there is one GEMV per BG and so the aggregate FP rate is 10240 x 10.6 GFLOP /s = 109.117 TFLOP /s
assuming all GEMVS can sustain simultaneous operation without overheating. In Attpani there is one GEMV per bank and so the
ageregate FP rate is 4 x 10240 x 10.6 = 436.470 TFLOP /s again assuming all GEMVS can sustain simultaneous operation
without overheating. The end of Section 4.1 deseribes the number of GEMVs operating in parallel as 40960, though elsewhere they
mention Power CONstraints that would limit the number of simultaneously operating GEMYVs. For this problem the higher number
Was used.

(b) To compute score[i] = dot( query, key[il ) one needs to send query to each GEMV unit (assume
column-wise partitioning). Suppose there are m GEMV units. If the xPU had to send query to each GEMV
unit individually the amount of data sent would be md, where d is the number of elements in query. Given
the description in the paper, is that much data sent? Note that if the length of the context were L then to
compute the scores in an xPU the amount of data moved would be Ld elements, so if L = d there would not
be much savings.

No, not that much. The XPU communicates with an AttAcc controller, which itself communicates with multiple HBMs. Assuming
one controller manages all 40 HBMs, the XPU would send the d-element query just once.

An HBM controller sends commands to the HBM dice. Whether the query would be sent onee or once per GEMV is ambiguous.
The end of Section 5.1 describes commands that an HBM controller can send to its dice. Command PIM_WR_GB writes data into a
GEMYV butTer. The paper isn't clear whether it writes the same data into the same butfer address on every GEMV in the HBM or just
one of them. Other commands, sueh a5 PIM_ACT_AB operate on all GEMV units in an HBM. Given how important broadeasting
data is 1o performance it's likely that PIM_WR_GB can write every GEMV's bufier.
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