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Welcome everyone. In today’s class we are going to take a example C code and we will
try to see how we can design a efficient hardware using high level synthesis from that
input C code ok. So, what we are going to take is merge sort and is merge sort is
something is very common everybody knows. So, | took a example which is something

everybody understand.

(Refer Slide Time: 01:12)

Merge Sort

* Merge sort is a stable, divide and conquer algorithm invented by John von
Neumann in 1945
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And then we will try to first I will just try to explain what is merge sort and then how
that algorithm works and then I will talk about the high level synthesis of merge sort ok.
So, if you already know that merge sort is a stable sorting algorithm, so, it is given a set
of numbers it can be integer or floating point does not matter, set of numbers. And then
you basically sort them in ascending order right and we usually apply merge sort which
is developed by John von Neumann in 1945 which is kind of a divide and conquer

algorithm ok.



So, the first thing is it is basically how the algorithm works, let me try to explain. So,
basically we divide the big array into always half right. So, we have divide by two
basically. So, we have the big array we divide it by two and then again | keep dividing
the by two by two and so on right. So that means, | have a log n step until I reach a unit

size array right.

So, first suppose if you think about a array size of 8, the width is 8. So, I just divide into
two arrays right. So, this is my divide part right. So, there is a divide part going on and
then | have two arrays and then | am going to take this array and again | am going to
divide into two right.

So, and | will take this array | will again divide into two right, this is how the algorithm
works then I will take this array | will divide into two. So, now, it is becoming unit size
array right. So, then I am going to take this I will divide it into by 2 and then I will take
this array | will divide into 2 and | will take this | will divide into 2. So, this process will
go on until I individual array size become 1, right. So, this is my divide approach and

then | am going to conquer right. So, | am going to merge it.

So, once you reach this individual array level I can assume that this is already sorted
array of one elements right. So, this is a sorted array of one elements. So, | am going to
merge these two sorted array into another one. So, the problem here is that | have given
two sorted array and | have to merge them into a single sorted array right. So, what is

happening in this direction?

So, | take this array and this array | will | have these are the two sorted array | am going
to merge them into a sorted array like this. Then | am going to take this and this | am
going to merge them | am going to get this right. So, similarly I am going to take these
two sorted array. You can understand they are actually two consecutive sorted array, but

the index is very much interesting.

So, if | start from say location say il | have a sorted arrays of width size say 4. So, this is
the so, it depends on the which level you are doing the merging and then this is my i2
and the next array start from i2 plus 1 and it goes say some i3 again this width is

basically width right. So, this is how merging happen.



So, this is also width. So, the basic idea of merging is that we have two sorted array and
they are actually consecutive and we have to merge these two sorted array into another
sorted array of size which is double of these two size right. So, basically the summation

of these two size.

And if you look into the problem, so, | if I start a follow location il and if the width of
this say sorted array is width then this index is i2 is nothing but i1 plus width minus 1.
This is my width and this and the next location the next array start from i2 plus 1 right.
So, which is nothing but i i1 plus width right and this is still i3. So, i3 is nothing but
basically this i1 plus 2 into width minus 1 right. So, this is how this happen.

So, basically if you understand here is that one once | take these two array | just sort
them into this | take these two array | sort this into this and so on. And then | am going to
take this two array of size 2, | am going to create a sorted array of size 4 right similarly |
am going to take these two sorted array of size 2, | am going to create a sorted array of

size 4.

And then in the last step when the my width become 4, 1 will take two array of size 4 and
| am going to create a sorted array of size 8 right. So, then I am going to get a sorted
array. So, this is the whole process and this is a and this is how this merging happens. So,
suppose | have given two sorted array. So, this is one sorted array this is one sorted
array. You remember this is basically nothing. So, this is basically my inl, right. So, this

is my inl array the way it is written here and this is my in2 array.

And how the merging happens? So, basically 1 will maintain a pointer at the current
point because these are all sorted arrays. So, what | should do? I just compare these two
element and who whichever is the smaller one 1 am going to copy that into my output
array right. So, among 3 and 1, 1 is smaller. So, | just put it 1 into the sorted array and

then | am going to increase this pointer from 1 to 2 right.

So, this is where | am going to do and this is the this since this array is still my pointer
will be at the location 3. Now | am going to compare 3 and 2 and | found that. So, this
means this part is already sorted. So, 2 is smaller. So, | am going to copy 2 into my
sorted array next location and | increase the pointer. So, my current point will be here

and it will be still hit here.



So, now, | am going to compare 3 and 5 and | found 3 smaller. So, I will copy 3 into the
output array the next location and | will increase the pointer here right. So, the every
iterations | will basically take the current locations of two arrays compare which number
is smaller. | am going to copy that particular element into the output array and increase
that pointer by 1, right.

So, this process will go on. And at some point of time what is going to happen? It might
happen that one array is finished that all the elements of one array is copied then the rest
of the elements of the other will be copied one by one right. So, that is all. So, this is
overall merge sort everybody you aware, but | just for re-capsulations of the things I just
explained right.

(Refer Slide Time: 07:31)

Merge Sort Algorithm
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And this is there in any data structure books that merge sort algorithm. So, this is my that
divide process that the way | do basically I always find out the mid which is basically |
plus r by 2. And then what | do? | just do the merge sorting for the same array. So, from |

to m right. So, initially I call this merge sort for from index | to r right. So, initially | will

just call from 0 to n minus 1 right if size of the array is n.

And then | am going to take the middle and I will call this for left part of the array and
this is for the right part of the array and this is a recursive call right, so, basically you can
understand that if you just do this. So, it will recursively break this part only right. So,

because if you take this, so, it will break this then from it will be called for this then it



will break like this and it will call for this. It will break like this and then you will call for
this.

Once this is done then it will be called recursion call come back to this then it will break
this then recursion come back again, it will break this then recursion come backs and
then start to working on this part right. This is how the recursion will happen. And then
once i so, these two process will make sure that I will still I reach all the individual array
at this level then this recursion will happen I mean stop and then this tail recursion part

that merge part will going to happen right.

So, that now the merging will happen recursively because | have so, many calls. So,
automatically so, many merge will happen. So, finally, the first iteration this level of
merge will happen then the merge of 2 will happen then merge of 4 will happen and so

on right. So, this is how the whole thing will work right. So, these are all we aware off.

(Refer Slide Time: 09:10)
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And then this merge function is basically whatever I just explained in this diagram. So,

=

this particular algorithm is written here right. So, here to make it a little bit generic I just
put a data type is DTYPE which is basically can be integer float anything right. So, this
is my size and this is the first index that the way | talked about. So, basically this is my il
and as | mentioned so, basically I am going to take a array like this. So, this is my i2 and

i3 is given by this i3 right.



So, this is also width this is also width. So, from these three pointers | can understand the
start location of the first array and start location of the second array right that is what is
happening here that my start location of second array is f2 because that is i2 this is the
start location of the second array and this is basically i2 minus 1 is the n location of the
first array right. So, the both ways.

So, the in early earlier | just talked about this is i2, but you can consider the start location
of the second array also r 2, the similar thing right. So, we need basically three pointer
not four pointers because this i2 and i2 minus 1 is basically we can manage from this i2
ok.

And then this is the i3 is the last location. So, what is happening here? You can
understand this is my the loop that | talked about in each iteration. | ideally I am
checking whether this element less than this then I am copying this the element of the
first array in a output array and | increase the pointer.

Otherwise, | just copy the element of the second array and increase the second pointer.
So, this part of the code make sure that if one array is completed it will copy the other
part of the other array directly right. So, that is actually answered by these two lines ok.
So, this is the overall algorithm and once this is done this out is the output array right and
ideally I should copy this out to the original array because if | want to sort the array into

the same place so, | need to copy this output array into input array right. So, that is all.

So, the first thing is that suppose | so, you get this code you have written this code right
for merge sort and now try to do the h high level synthesis for this, what is the first
problem you are going to face? The first problem I am going to face is the recursion
right. If you remember that high level synthesis does not support this recursions right.
So, if you try to synthesize this code using high level synthesis it will say that | cannot

handle this recursion, so, | am not able to generate a hardware from this right.

So, this although this is the right version of the merge sort algorithm you will not get
able to generate a hardware from this because of the recursion. So, what is the option?
So, you have to make a iterative version of the merge sort and which is not very difficult.
So, we can write that. So, | am not going to change this function this function will (Refer

Time: 12:09). So, | have to write a iterative version of this algorithm, ok.
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And this is this. So, the idea here is to explain this, so, | do not have any recursion. You
see here there is no recursion. So, | just recursion | just replace by two for loop right.
And what is the idea? If you remember that finally, the that recursion what it does? It

basically break the whole thing till the size width is 1, right.

So, what is happening here? So, | will just maintain outer loop which is called stage. So,
it is basically the divide is this loop will take care of that. So, basically the divide is
basically is a trivial text task. You can assume that basically what is happening. I am
going to have the array. First I am actually merging the individual array into two and
then individual array into two then | am taking two consecutive array size of 2 merging

into a and create a sorted area of size 4.

And again | am going to take this, | am going to create this and from this two size 4 | am
going to create 8, right. So, this outer loop is basically that stage. What is happening here
is it just assume that my width is 1 initially right. So, you basically maintain that width is
1 then 2 then 4 then 8 is basically 2 to the power i because it is a double. So, by 2 is
happening right.

So, basically this outer loop the stage loop will basically will give you the size width. So,
when width is 1 | am going to take two array size of array size of 1 and | am going to
merge them into 1 right. So, that that process is happening here right. So, what is

happening here is that whenever my width is 1; So, how many merging is going to



happen? | am going to take this two array. So, for these two array | have to decide what
is my il this what is my i2 and what is my i3. So, that calculation is happening here and
then I am going to call the merge right and after merging the result is going to store in

array temp ok.

And then since so, when is width is 1, so, how many times if the array size is 8, how
many times is going to happen? This loop will go for four times because it is 2 into width
right. So, basically it merge these two then you will take these two then it will take these

two then these two right. So, the inner loop is going to do that.

Then once this is done, so, | have a sorted array like this. So, at every two individual
element is sorted then my width become 2 into width. So, now | am going to take the
width 2 and then again this loop will be called. Now, this loop will again decide that this

i1, i2, i3, this 3 index for these two array first right.

So, it will take this array. So, this will be my i1, this will be my i2 and this will be my i3
and it will call this after this sorting is done and this sorted array it is generated it will

now start it will create this is my i1, this is my i2 and this is my i3 and it will sort right.

So, , since this is 8 size, so, this loop will go for 2 times then this width b will become 4
right. So, once this width is 4 this loop will go for one iteration. So, it will just decide
this is my i1, this is my i2 and this is my i3 and it will just do the sorting and you will

call the merge to do that.

So, this is my iterative version of the algorithm. And I think it is very much clear. And
then once everything is done as | mentioned the temp is my sorted array | should copy to
the original array right. So, I am just copying the data to that because that is the array |
want to sort. So, this is there. So, this function with my this merge function. So, if | take
this merge function and this merge sort array and then if I ask high level synthesis to

synthesize it will be able to do a synthesis right, it will able to give you a RTL right.
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HLS of Merge Sort
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So, what | am going to ask you, you just do that right. So, you take these two version of

the code and you synthesize it using any high level synthesis tool specifically Vivado
HLS what we will going to take in this particular course. So, we will get a basic
implementation right and we will see what is the latency of the design and what is the
area, what is the performance, what is the clock you can achieve. So, you just try to

measure that ok.

So, here you can actually fix the size because once you run something you can fix to say,
so, any size. So, | the example | have shown for 8, but you can actually create to any
size. So, one, but one you synthesize you just you have to specify the size because

dynamic array is not supported right.

So, you cannot have a hardware which can execute size 4 size 8 and 1 right. So, it has to
say this is array sorted array, this hardware can handle a array of say 16 or say 32 or 20
whatever it is. So, it is only going to handle that size ok. So, you will generate the RTL.
Next as a developer what you want to achieve? So, the base level may not meet your

target right.

So, | want to create a efficient hardware. So, that will be my objective and now | am
going to try to develop a efficient hardware for this merge sort. So, basic | have created a
version of the algorithm which is synthesizable first of all. The initial version was not

synthesizable. So, | do some modification | make it synthesizable and | get a hardware



basic hardware and which is obviously, not the efficient one. So, the next things what
you we have to think of? We have to apply the tool features optimization features.

And since we can see here the it is there is a loop. So, effectively you can see here there
is a for loop here there is a for loop here and this merge is also there is a for loop right.
So, there is a three nested for loops are there. So, and there is a array right. So, this temp

a are array.

So, the; obviously, the optimizations of the tool that will be relevant for this is unroll
loop unroll, loop pipeline and array partitioning right. So, what | am going to suggest is
you should actually apply this loop unroll, loop pipeline and also add a partitioning in
different combinations ok. So, and see what is the how the performance is varying right.
So, this is what is called design space exploration right.

So, basically you can apply this unroll you can apply pipeline. So, if you ideally you
know that if I unroll my area will blow up because there is no loop it will create this
many copies, but it will run faster. It the my time to execute the things will reduce right.
So, earlier if the loop execute for 3 times sorry 10 times and if 1 unroll probably it might

take 1 or 2 clock to complete it, right.

Ideally can 1 but because of some dependencies might take two 3 clocks. So, the design
will be faster, but area avoided will be more and the pipeline is something is kind of a
trade off right. So, as the area overhead is not that significant because you have to just
add some pipeline stage and probably you cannot share some of the resource because of

the stages, the stages happening independently.

But because with the pipeline I can actually execute the multiple iterations of the loop in
parallel in pipeline manner my performance usually is order of n of the number of
iterations right. So, that | we already know that. So, what I will strongly recommend you

just you take this two version of the code.

You try to apply this unroll pipeline and array partitioning and see how the performance
is varying and what is the particular scenario where you get the best performance from
the time, what is the best area optimized design and what is the trade off right. So, what
is the combinations where you actually get the area avoided is not that much, but

performance is also significantly improved.



So, this is what you should actually do once you do a use high level synthesis to develop
a efficient hardware from a given design ok and that is what is called design space
exploration. So, this design space exploration you can actually automate. You can
actually write some script which will add those pragmas like unroll, pipeline, those
things in your code and just run it and then see the give you the results then you
manually compare which is good which is bad and all right. So, you can actually develop
a tool for that or, but most of the time people actually do it manually, right.

And if you look into the code again, since | just talked about three levels of loops; it is
unroll you can actually unroll the innermost loop, the middle loop or the outer loop also
right. So, and every scenario it will actually give you a different different hardware or
you can actually think of pipelining the inner loop and say you can apply pipeline in
every stage. But usually pipeline works better when you actually apply in the innermost
loop right.

And also you can actually apply the pipeline at the top most loop, middle level loop and
so on. You can actually unroll the inner most and then you pipeline the middle one. So,
there are so many possibilities you can understand here and you can actually partition the
arrays. You just think of those things which can actually give you the performance

benefit right.

So, doing this all things is basically there are many combinations and | strongly
recommend you to do this exercise it will actually help you to understand how this
optimization features of the tool actually help impact in the hardware right. So, that
something is doable. But, then is it something that I am able to achieve the best
performance or is there any coding the because of the some part of the code it is actually

create prevent me to create a good order.

So, what | am trying to say that | apply pipeline, but I cannot | am not getting pipeline
initiation interval is 1 right. So, you know the in the context of pipelining the if you have
say 4 stage pipeline, so, my I | is the how frequent I can give the inputs right. So, if | my
initiation interval is 1; that means, every clock I can fed into the next iterations right or

next input.

So, basically that is the maximum benefit, but if it is a say there is a 4 stage pipeline and

then your I 1 is about 4. So, basically the pipeline is doing nothing right and this happen



this. So, you will not able to get this. So, this initiation interval of a pipeline circuit is one
because of primary two things. One is the data depend loop current dependencies right.
So that means, you are doing calculating something in iteration | and that is going to be

used in iteration say I plus 1.

And say that the last operation calculate that that particular things and the first iteration
first operations of this next iteration use that. So, | cannot just start this until this data is
ready. So, this kind of that stop this it adds stall in the pipeline right and you so, your

pipeline does not give you the maximum benefit right.

So, and also the second thing is the memory, memory access and you remember | have
already discussed that once you map this array this they will be mapped to block RAM in
the hardware. And the one of the challenge in the developing hardware is that this block

RAM has a limited port right. So, at most 2, 1 or 2 ports are there.

And so, whenever there is a more than two access to array in the loop so, it will actually
create multiple it take multiple iteration just to read those element and that might create
some problem in this getting the initiation interval of the loop is 1 or basically get the

maximum performance benefit from the pipelining.

(Refer Slide Time: 23:36)

// subarray1 is infi1..i2~1], subarray2 is infi2..i3— 1], result is in outfi1..i3—1]

void merge(DTYPE in[SIZE], int i1, int i2, int i3, DTYPE out[SIZE]) {
intfl=il, =12

// Foreach element that needs to be sorted...

(int index = i1; index < i3ind

/ Select the smallest #ajigh

(1 < 12 K

So, now once you apply this you will notice that you will not get I I equal to 1, if even if

you apply this loop unroll and pipeline, specifically the pipeline to this loops innermost



loops specifically the innermost loop and it says that | am not able to generate the 11 is
equal to 1 because of this reason. So, it will give you some reasons right.

So, then you have to look into the code what causes the problem right, what creates the
obstacle for me to get the best hardware right. And let us now look into the code because
| talked about that I am going to apply this pipeline in the innermost loop because that
gives me the benefit of benefit maximum benefit and there are two problems here ok.

So, let me try to explain that. The first problem is you have four memory access right.
So, | am accessing this in over here in here in here and in here four memory access, but
they are actually from two locations right this both this and this is actually the same
memory locations alright and this and this also from same memory locations. So,

although there are four memory access we are read actually two element.

Now, the question is does the high level synthesis compiler understand this, can in
actually understand this is the these are not 4 reads these are 2 reads? Unfortunately most
of the compiler will not because there are this operation happening in different basic

block right. So, let me try to explain.

So, this is the condition right. So, this condition is this say. So, there some reading is
happening. So, this read will happen here right. This read will this in one and it will
happen here and then this condition will be calculated here and based on the condition
you will go here. This is the this if block this is this and else you are going to do this

right. So, this part is going to happen here.

So, you see here this read happen in different basic blocks. This read is happening here,
this read is happening here and these two reads is going to happen here right. So, because
this reads happen in different basic block the compiler may not able to understand this
are actually single. So, these two reads of in using f1 is same right. As a result it may
actually read 4 times from the memory and that might create a bottleneck for this right.

So, that is something is the first problem.

The second problem is there is a loop current dependency here is also because you do f
plus plus or f2 plus plus and that is going to use in the next iteration right. So, in current
iteration |1 am going to increase this index f1 or f2 and that we will going to use here, but

that you cannot change here because that something is needed here. There is no other



alternative. So, | cannot change that, but this I can obviously, change. What | can do? I
can just read this in f1 and in f2 before start of the loop using some temporary variable

and I just use in everywhere right. So, that will solve my problem that it, ok.

(Refer Slide Time: 26:30)

Restructured Merge Sort

* Difficult to achieve a loop Il of 1.

* There are actually four reads of in[], but only at two different
addresses.

* The HLS tool must recognize that these reads are redundant, since
BRAM memories can only support two accesses each clock.

* these reads are in different basic blocks, it is more difficult for a
compiler to eliminate the redundant loads.

* Better to do a manual code restructuring to remove redundant
memory reads

So, as | told you this is that it is very difficult to achieve by initiation interval 1 for this
big example because of this memory read. And this as | mentioned there are this in
happening four times but there are two different address. So, tool may not able to
understand that this reads are redundant. And as a result because of this they are actually
happening in different basic block and so, this it is very difficult for the tool to identify
they are the same read. So, | we should do some manual code restructuring here to

achieve that ok.
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Select the smallest available element. A
if{(f1 < i2 &&n[f)] <= in[f2)) || 2 ==13) {
outfindex] = (infly]:
st

e
} else { /’___}, if((f1 < 2 &&= R ==13) {
f2 <i3); outfindex]
assert(f2 < i3), o @

outfindex] = inf2];
2

) else {

} assent(f2 < 3);

outfindex] =i 5 : ‘
X , o I~ 9
) ——

Restructured code can achievea loop |l of 1

So, the suggestion is | already mentioned that I am going to |1 am not going to read this
way. | just read this in f1 and | will store in a temporary variable. I will read in f2 and
store in a temporary variable t 2. And everywhere instead of using a this in 1 and in 2, |
am going to use t1 t2. I am going to use t1 or t2. So, that is all my problem because | do

not have four reads.

So, this simple modifications help you to achieve pipeline 1 that is a simple
modification, but this is something you have to understand once you write this code and
you apply pipeline and you are expecting that this should happening my Il equal to 1, but
this is not happening. And then finally, you have to realize this is because of this and just
do this modification and you should able to the initiation interval of I if | apply pipeline

in this particular loop ok. So, that something is good.
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Further Restructuring

* Although the inner loop achieves a Ioohis inner loop often has a
very small nu f loop iterations. s
* When the inner loop finishes, the pipeline must empty before code

executing after the pipeline can execute. So, the bubble caused by the loop
completing is significant, since the number of iterations is also small.

* A common approach is to flatten loop nests lik into a single loop,

reducing the number of times that the pipeline must flush when exiting a
loop.

* HLS will automatically flatten perfect loop nests but the code does not
contain a perfect loop nest.

* Manually flatten the loop

Now, the question is does this restructuring help ok, does that give you good benefit?
The answer is not much because of the two problems. The first problem is that most of
the time this loop actually call for smaller arrays. You just remember that when you
merge to size of 1, so, this loop will actually execute only 1 time right or 2 times because

there are 2 elements right.

When you are actually merging size 2, it is basically it had 4 times ok and most of the
time it is basically has smaller arrays because it call 8 times when the if | assume my
array size is 8 this particular function will call 4 times and every time it will just read out
for 2 times ok. So, the number of iterations is basically small and we are calling many

times for smaller arrays.

Only for bigger arrays when you are merging to 4 arrays it will be called 1s right. So,
because of the bigger array we have the less number of arrays right. So, the primary
problem is that although | achieve my initiation interval 1 for this loop, but this most of

the time this loop will actually transfer very less number 1 time to type 4 time and so on.

So, this does not give you much input benefit on pipelining right. So, even if | apply
pipeline 1 have achieve my Il is equal to 1, but this may not be the best design it does not
give you much performance benefit right. And there is another problem is that because
once you apply pipeline you get a you have pipeline stages and you have to flush the

pipeline before you start the next iteration.



And here because | call this function often for smaller arrays and my first call does not
give me any benefits and then you need some clock to flush the data because otherwise
this pipeline will calculate something wrong right. So, you have to flush the data and
then you have to call the next function. So, this actually adds some extra over rate of
making it pipeline although my pipeline is not giving benefits.

So, this point two point suggest that this applying pipelining to the innermost loop is not
something is useful. Also there is another problem here, this loop is actually data
dependent right because this how many times this loop will execute is basically i3 minus
i1 times right and so, this is an input to this particular function.

So, it is basically and if you know that high level synthesis once the number of iteration
is not known statically known it cannot give you any performance estimation whether it
will it you do not say that this particular loop will take 3 cycle or 4 cycle or 5 cycle. So,
you will not literally can see the benefits right. So, it will not show you that. It just give
you question mark on the minimum and maximum number of latency needed for this

because this is basically data dependent loop ok.

So, basically we actually I know what are three problems. First thing is that pipeline does
not help here, it create unnecessary overhead flushing the pipeline and third thing is the
performance benefit is not visible here because the data dependent loop ok. So, in this
case the common approach that we should be taken is the flatten the loop right, so, into a

single loop right.

So, here what | am trying to say is that il because this loop is not so, important what
about just putting this loop into this original merge sort itself right. So, if I just go back
here. So, instead of calling this merge sort | can actually take the body of the merge and |

can place it here. So, that is what is basically flatten right.

So, actually this flatten is done by high level synthesis tool for perfect loops ok, but this
is not a perfect loop because there are lot of conditions and all. So, for this HLS tool may
not able to flatten the loop. So, you should do manually flatten right. So, that is what |
did next.
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void merge sort(DTYPE A[SIZE]) {
DTYPE temp[SIZE];
,r/ Each time through the loop, we try to merge sorted subarrays of width elements
// into a sorted subarray of 2«width elements.
SH e
for (int width = l width < SIZE; width = 2 + width) {
merge_al
for (int il = 0; il < SIZE; il = il + 2 + width) {
// Try to merge two sorted subarrays:
// AlL.it +width-1] and AfiL-twidth. i1+2ewidth-1] to tempfil 2rwidth-1]

// subarcayl s infi.i2-1]: subarray2 s infi2.i3~1]
// sorted merge is stored in outfil..i3-1]
void merge(DTYPE in[SIZE], int i1, int i2, int i3, DTYPE out[SIZE]) {
TmtA=iLR=i2
// Foreach element that needs to be sorted..
for(int index = i1; index < i3; index++) {
jgma HLS pipeline l1=1
DTYPE t1 = inff1};
\TYPE 12 = in[f2];
/) Select the smallest available element.

e, (i <28k 11 <=12) | R ==13)

if(i2 >= SIZE) i2 = SIZE: xrndal i

e SIZE) i3 = SIZE: +

il i } else {
} ' 1L.2.B. e assent(f2 < 3);
outfindex] = t2

// Copy templ] back to A[] for next iteration ++
copy. }
for(int i = 0; i < SIZE: i++) { }

Af] = temp; !
)

So, what | did it here is basically this is my merge sort, this is my merge function and
you remember that this is the merge call happening. I just try to bring this into here right

this loop into here.
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void mergeson{DTYPE ASSIZE]) |
DTYPE temp{SIZE]

stage
for (int width = 1; width < SIZE: width = 2 « width) {
it

void merge_sort{DTYPE A[SIZE]) {
DTYPE temp[SIZE];
// Each time through the loop, we try to merge sorted subarrays of width elements
// into a sorted subarray of 2ewidth elements,
stage:
for (int width = 1; width < SIZE: width = 2 « vidth) {
Merge armays:
for (ml il=0;il < SIZE; il =
7/ Try to iérge two sorted subarray

il+width—1] and A[il-+width..il+2swidth-1] to tempfil.. 2swidth-1]

int 2 = it + width;
int 3= i1 + 2ewideh;

if(i2 >= SIZE) i2 = SIZE;
iffi3 3= SIZE) i3 = SIZE;
B il, i2, i3, temp);

}
// Copy temp]] back to A[] for next iteration
& Q\!\

forfint i = 0; i < SIZE; i++) {
Al = tenp]

D e

#pragma HLS ;pgl ine || x
Af| = tempf]
I

// ))

And this result in to my this code ok. So, if you remember here, so, | am just replacing
the body of the merging two sorted array here and this transform into this code ok, but
this is very interesting. It is not only that. So, | did something more here. So, you just try

to notice it. So, this is my that stage step right; so, the array size merging. So, that remain



the same, but the next thing is very interesting. Here you see here the earlier the loop was
going on from 0 to SIZE and it was increasing by ops width.

Now, what | did? | just make it O to SIZE and | am increasing by i plus plus. Earlier it
was it was increasing thus 2 times of the width because | just take two array, a smaller
array | merge them and then I go to the next block right. So, basically you first you
consider these two array of size width then you consider these two array right. So, | my |
is here next | want to start this. So, this is my width this is width. So, 2 into width, I
should modify right. So, what I did now?

I just merge because my that loop comes here. So, this loop basically I just take this loop
and | put this loop into this loop ok in this loop and then what is happening here is very
interesting. So, you have to make sure that we do the same thing and this actually is use

benefit ok. So, what is happening here? You just see here is.

So, basically I have to calculate this i1, i2, i3, this three index and also merge these two
array right. So, what I did? Initially 1 just put my initial the initialization value of. So, my
1 should be 0 and f2 is the width, width h is 1 and i2 is the width and i3 is 2 into width.

So, these are the initial value then I come to this loop ok.

So, here what is happening here? Here the merging is happening, the same code
whatever is there in my here right, the same thing. So, this is the copy pasted here, the
merging happening here. This is basically the merge right. And because the whole thing

is happening in the same array, so, the idea is that you just go this way.

So, you just take this every iteration because finally, you have to go through the whole
array of size and you just try to merge these two array and you after having one iteration
you just check that you increase f1 or f2 and you just check whether you actually reach
the next one or not right. So, if you completed that part or not. If you have completed

you basically go to the next block.

So, the next block going things is happening here what was calculating earlier. So,
basically that merging and this next block shifting things are happening in the same loop.
So, basically you can understand that with this you can actually first merge these two
then you will take these two array and you merge these two then you will take these two

array you can merge these two because all things happening in together right.



So, you can understand the benefit that I am going to get. Earlier it was a three nested
loop, I have now two nested loop because | merge this last two loops into one loop right.
So, the operations of these two things into one ok and the biggest thing that I can see
here is my this loop is now fixed size right. And I can apply this pipeline at this level not
the innermost level. Earlier | was applying the pipeline at this level third nested loop, but
I am actually applying in the second nest loop now, right.

So, and also since this loop is a fixed size is fixed for a program, so, I can actually get the
all performance estimate of this ok. And also you can see here that memory read problem
| have resolved and everything is happening here. So, this again will achieve my pi equal
to this loop pipelining initiation integral equal to 1 and this is the kind of best restructure
code ok.
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Efficiency

* Even though the inner loops have achieved a loop Il of 1, is the design
using hardware efficiently?

* |s there a way to further reduce the latency of the merge sort()
function to the point where it is using approximately N logN clock
cycles? =

So, now we have pi initiation interval to 1. So, you can understand that from the initial
code how | reach to this. And this is the same merge sort, but this is something if I
synthesize into hardware you can actually compare this in the results of this with the best
level what | asked you earlier to do. You compare the results ok. So, this is what you
reach one level up, after that you cannot go further because everything is more or less

control ok.

So, now, the question is it running in because you know that complexity of merge sort is

n log n right, n is the size of the array. So, does it taking n log n clocks or is taking more



clocks right, is it possible to improve the performance further right? So, can | reach this
N logN clock? So, if you run this you will see that it does it will take more than N logN
clocks, ok. So, can | improve the performance further? But as | already mentioned that
this code is mostly the most efficient version of the code right. So, what next can be

done?
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Task-level Pipelining of Merge sort

_— -
X

* So far focused on optimizing the merge sort() function to reduce the
latency of the computation without significantly increasing the
number of resources.

* The only way to further reduce latency and/or increase throughput is
increase parallelism.

* In addition to operator-level pipelinling we can also look for coarser-
granularity task-level pipelining.

The next is the task level pipelining. So, we have already a sequential version of the code
and we make the code most efficient one right, where there is no further efficiency
improvement is possible. So, the next thing is something is the parallelise the execution
right. So, that is what is the task level pioneering and one of the most powerful that the

most powerful optimization is high level synthesis.

So, idea here is can | parallelize the execution of the loop right. So, you can understand
here this. So, but basically this there are operation the stage 1 operation where we
actually merge by 1. So, this is one thing then you do merge by 2 then you merge by 4
and so on. So, can | do this operation merge by 1, merge by 2, merge by 4 things parallel
right? So, that something if you parallelize that part then merge by 1 operations, merge 2

operations or merge by 4 operation parallel then it might give further benefits ok.
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Task-level Pipelining of Merge sort

* dataflow pipeline out of each iteration of the stage loop
* conceptually achieved by unrolling the stage loop and using the
dataflow directive.

* Each instance of the merge arrays loop then becomes an independent
process which can operate on a different set of data

—
Al merge_array: @ éorrm m}\s @; 1} 1@ temp(?] ‘mergc.mnys B

L I

Dataflow pipelined archite for lmplementl@es of Merge Sort. This (0
architecture can sort up t‘ments )

And so, let us try to understand that what | can do is basically you have to create a data

flow things right. So, as | mentioned I give the array A and then here this merge by one
is happening.
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e i = 1, A] - (361,
e WD =2 A] = {BT45 5812}~
mie - width = 4, A = {3,4.7,6,1,2,5,8)
me-w width = 8, A] = {1,2,3,4.5,6,7,8)

=2 th
2 >= SIZE) 2 = SE
i3 = SIZE) 3 = STE
R=2

oot i = 0. < SZE: 44) |
#pragma HLS piplinel1=1
=

: Aji) = tempf],

}

So, basically what is happening here is so, whenever | give this the first block will try to
merge these two array into 1, these two array into 1 these two array. So, all these things
will going to happen, but this block will do this operations and it will give you this array

right where this each two elements are sorted ok.



So, that something if I can do it will be great right and then | just store this resolute to
some temp O array. Then I call this again the same function, but it will now do the merge
by 2 ok. So, that will basically create take these two and it will create this then it will

take these two and it will create these two right. So, it is merge by 2.

And then I store this result into the next temperature and then | am going to do the merge
by 4 | store into here then | will do the merge by 8. So, here it depends on the size
because size of the array is the number of stage will differ different right. So, if I take
this is for 4 stage and 16 element. If you take 32 elements then you can actually have one
more stage and so on. So, the number of stage will depend on the address size ok.

So, this particular implementation will make me do a very interesting thing is that now,
because this is basically a data flow. We can see here it is a data flow right and what |
can do now I can run this modules this modules merge modules in parallel and | can use
a ping pong buffer style right. So, I can use this ping pong. What is that? So, what | can

do now, I will explain here ok.
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So, what | can do is now | can give say array Al ok and | just do all this merge by 1
operations and | will create the temp 0 right. So, | will keep a two copy of the temp here
right. So, two arrays, | will just store this into this ok. So, the first say n iterations of n
clock. It will take n 1 and it will sort by the all individual elements and create that merge

by 1 array into temp 0.



So, this is for first n clocks ok n clocks then in next n clocks. What | am going to do? |
am going to take array A2 right and this so, now, this merge array merge by 1, this is
merge by 1, this is merge by 2, this is merge by 4, this is merge by 8 and so on right. So,
then now it will take process Al, A2 and it will do the merge by 1 and it will create
resultant things it try to store in this the other buffer right so, or even buffer.

At the same time the second block will take this data that first corresponding to Al and it
try to do the merge by 2, right and it will store this things into say into this array right.
So, this means here Al was processing now Al and A2 both are processing right. So,
this is a next n clock, what is going to happen.

So that means, after doing this, this data is already done and after next n clock after 2 n
clocks that sorted by 1, A will be here. Now, next consider the next n clocks. I am going
to give next array A3 and it will now start the first block try to process A3 and it will do
the merge by 1 and | am going to store it here right. At the same time this array will now
take the data from the even array right.

So, it will take the data from the even array. So, it will now start storing the data A3 into
here. It will now start the start data from here and it will try to and it will process this A2
now because Al is already processed. A2 is it will now going to take A2 and then it will

actually process this merge by 2 and it will store here.

At the same time this A1, this third block will take Al and it will do the merge by 4 ok
and it will store here right Al. So, here A3, A2 and Al, three array is processing in
parallel. So, three set of data is processed parallel next clock you assume. So, now, what

is going to happen?

This block will take this Al and do the merge by 8 and it will give you the actual output
right. So, it will do processing Al. So, this particular array now it will take data from A2
because this is already done. So, this is already processed, this is already processed. So,

now, this will take this A2 and do merge by 4. So, A2 is also getting processed.

So, this will now take data from A3 because this is already processed, so and it will do
the merge by 2. And | will at the same time | will put the next array A4 and it will now

store this A4 into this one right here this A3 is there. So, now, at this point you can



understand that all these four module actually running in parallel and they are running on
different set of data right.

So, and basically you can understand that. So, this is the maximum anyway and this will
continue. Next n clock it will now it will take A5, this will take A4, this will take A3 and
this will take A2 right. So, this way things will continue. So, what is happening here? |
am not able to improve the performance for one set of data right. So, that is already I
have achieved, but now | am doing a task level parallelism right.

So, different array will be processed by different blocks in parallel right and I can
actually get a maximum benefits ok. And this architecture will give me the best output
best performance right because now because it is a task level pipelining is happened and
I can actually get the best benefit. Now, the question is that what is the code modification

| need to do to achieve this ok?

The first thing what we have to do is you remember this is the code | have modified right
initially, this is the best efficient code | have identified. So, what we have to do? We
have to put this, this is my the task right. So, this is the merge that merge from operation

right. So, this is the merge operation what | just talked about this merge array.

So, this should be written as a function now again right otherwise tool will not
understand this is this is individual things I am going to happen. So, | am going to first
thing is that I am going to create a function out of this again. So, | am just going back to
my old one, but I am going to use keep all the features here. So, I will I will talk about

the difference ok. So, | will just create a function for that.



(Refer Slide Time: 45:38)

Task-level Pipelining of Merge sort
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And next thing what | have to do is the next thing so, | just create a merge sort here. So,

my top level function is now become basically just calling this right for the stage array

because | just bring out this part of the code into a function ok. Next thing | am doing

here is you see is very important that | am actually calling earlier I am now keeping this

into a different array. So, it was not temp, it is temp stage i.

So, that tool understand that this is a different array right. So, | am using actually two

dimensional array now. So, that it understand it is not temp. It is not temp, temp, temp; it

is temp 0, temp 1, temp 2 right. So, that is what is the difference. So, that tool can

understand these are the two different array and they are not all writing into the same

array. So that this kind of data flow things can be created.
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Difference with the original merge sort

void merge_sort(DTYPE A[SIZE]) { subarray1 is infii.i2-1]; subarray2 is infi2..i3-1]
DTYPE temp[SIZE]; sorted merge is stored in outfil..i3-1]
Each time through the loop, we try to merge sorted subarrays of width elements void merge(DTYPE in[SIZE], int i, int i2, int i3, DTYPE out[SIZE]) {
into a sorted subarray of 2+width elements. int fl = i1, 2 =2

stage Foreach element that needs to be sorted.
for (int width = 1; width < SIZE; width = 2 + width) { mg"':u'i‘ B e Sl Nk )1
merge_amays - 5
DTYPE t1 = inff1];
for (nt it = 0; it < SIZE: it = it +2 « wideh) { pUEd e
! Ty 0 Riexe om0 sorted subarr?ys. . . Select the smallest available element
/ ;)‘42“ l'll‘w’d::;.u and Afil-+width..il+2+width—1] to tempfil.. 2ewidt! if{(fl <28kt <=1) || R==13) {
int i2 =il + width; outfindex] = t1;
int i3 = il + 2ewidth; fl++;
7 | if{i2 >=SIZE) i2 = SIZE; } else {

if(i3 >=SIZE) i3 = SK assent(f2 < i3);
merge(AJil, i2, i¥ outfindex] = t2;
} 24+
}
Copy temp(] back to A] for next iteration }

copy: )
for(int i = 0; i < SIZE; i++) {

'79/ Ali] = templi;
}

}
}

So, | just if you just remember with the original code, so, earlier code it was just a single
temp right, | just compare here. Now, here it is temp 0, temp stage 1 right. So, this
actually makes sure that these are different different array and it can actually create that
ping pong buffer right and this is for the last level. So, just to make sure that this is not I

am using temp stage, | am going to use temp basically B because that is my final output.

So, this is the second thing | have did. So, | just separate out this and the third thing that 1
did is basically earlier you see here this A was my array and it is basically copied back
right. So, that I am not doing back to copied back rather | am actually using two different
stages that | so, this input array stage is minus 1 and this stage is 0. So, the data flow is

getting created.

So, that this is the three difference from my original code. This is my original code I just
kept it here. So, here you can understand that | just and this is my modified code. So, as |
mentioned that stage things | separate out, input output | separate out, so, that temp i
happen, this copies | am not doing because | just keep it to different array. And the third
thing | did is basically this modification is also there and all this calculation is also now
put into this function right. So, this calculation is no more there here right. So, these are

all come to here.

So, I with all these modification what are the things | can do? I can still pipeline this loop

because | can still pipeline my individual block which will improve the performance.



This is the fine grain pipelining and the other thing is the coarse grain pipelining where |
actually do a task level pipelining ok. So, and then I basically what is happening here? |
am actually unrolling this loop right.

So, this is what | am doing here that | actually do a do unroll of the top level loop then
only it will create this stages. So, if I just do this unroll then what is going to happen? It
will create this stages right. So, this is the first unrolled part will create the stage 0 merge
by 1 then it will create. So, basically this is my merge by 1, merge by 1 and it will create
temp O right and here | am getting A.

Then if I do the unroll, so, it will they go do this merge by 2 and it will create temp 1. It
will create this finally, it will create it will give B and this is merge by n by 2 right. So,
this unroll I am not doing manually right. So, ideally what is happening? To create this
structure I have to unroll the outer loop right. So, this is what to do, but I am not going to
unroll manually. I just apply the pragma unroll.

It will actually unroll and it will create this structure which is nothing but this it will
create this structure and all this array | just separated out. So, | just apply unroll here and
also you can see here the temp is a two dimensional array right. So, temp is now STAGE
into SIZE. So, | just do a partition. So, although this is a single array, so, it is a two
dimensional array | just say [FL] you partition by dimension one. So that means, each

row will become one different different array.

So, that is why it is able to do this. This is temp 0, this is temp 1, this is temp 2 and so on
right. So, with all this, so, what | did? | just bring this code here, | apply pipeline here,
so, that I can get the maximum performance benefit of this loop. | have to unroll this
loop because otherwise this stages will not be created because it is a rolled implement is
the same loop same function. But | have to create four copies of that loop. So, I will

apply unroll here.

And | also make sure that this particular temp | just already separated them out, it is not
the same array anymore, but | have to partition that array. Unless | partition the array it
will not create because it is a two dimensional array, but here you can see it is a one
dimensional array. So, two; so, | just have to say [FL] | am going to partition in the

dimension one. So, that it get different different arrays.



And finally, | have to say that you apply HLS data flow right. So, if I just say [FL] if you
apply data flow then only this kind of parallel execution that 1 just talked about will be
executed and it will basically create a ping pong buffer the way | just explained here. So,

you can understand this is what is the best possible design of merge sort right.

So, if I just write this version of the code and give the high level synthesis tool you apply
data flow pragma, you partition this temp array into dimension wise, you apply unroll
here, you apply pipeline here and this will give you the best efficient most efficient
design form also ok.

(Refer Slide Time: 51:18)

Difference with the original merge sort

* One key difference is that the merge arrays loop has been extracted
into a function, making it easier simpler to rewrite the top level code.

* The output of merge sort parallel() is produced in a separate array
than the input, enabling HLS to build an architecture that pipelined
architecture processing using the dataflow directive.

* The temp(][] array is now used to model the dataflow ping-pong
channels between the processes implemented by the merge arrays()
function, making extra array copies unnecessary.

So, this is what and | will strongly recommend you just run this particular code and the
best level code right and see what is the difference right. And if you can also try to apply
the same pragmas whatever | just talked about here in the top level code. You try to
apply this unroll here, you try to apply unroll here, you try to apply pipeline here, you try
to apply HLS data flow here and you will see that you will not able to do see to say | am
not | will not able to apply HLS data flow because of this dependencies and there is no
data flow things are there right. But if you apply here you can understand that this will

give you efficient order ok.
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Summary

+ We have shown how to develop efficient hardware fro Merge sort
algorithm using HLS optimizations.

+ Task level pipelining implementation achieve desired O(n log n) clock
cycles

+ This shows the generic way to develop efficient hardware using HLS
tools.

So, with this I summarize today’s class that we take a example of merge sort and | just
say step by step how a particular designer will go ahead, how either you try to apply the
optimization of the tool or some manual modification of the code you will do to achieve

the best efficient most efficient design ok.

Although I have taken the merge sort example here you can the same approach should be
applicable for any kind of design right. So, you have to modify the design manually
certain cases because if certain things actually create bottleneck for applying of some

optimizations.

And you have to know very clearly which optimization should be applied where and
what is the impact we are going to get right. So, the same process whatever | discussed
today’s class going to be applied if you try to develop a efficient hardware for a (Refer
Time: 52:44) a design ok.
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So, | just take all the examples from this book and I will strongly recommend you to
follow this because this book has I think six or seven such examples where it is gradually

shows how to get a most efficient design from a given specification C ok.

Thank you.



