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Background 
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Our contribution 

Our goal 
• Partition heap-allocated data 

structures (‘heaplets’) 
• Synthesize parallel memory 

accesses 
 
 
 

• Ensure that heap partitions are 
‘private’ 

heap[N] heapa[N/2]   heapb[N/2] 
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Outline 

Original source code 
(heap-directed pointers, 

dynamic memory allocation)  

Static analysis 
and code 

transformation 

Modified source code 

Standard HLS tool 
(e.g. Vivado HLS) 

Executive summary 
• Static program analysis 

– Analyse pointer-based memory 
accesses 

– Identify independent, disjoint regions 
in memory 

• Source-to-source transformations 
– Partition heap across on-chip memory 

banks 
– Automatic parallelization 
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this loop?  

s = PUSH(root, s); 
while s!=0 do 
    s = POP(&u, s); 
    … do something 
    if (u->left!= 0) && (u->right!=0) then 
        s = PUSH(u->right, s); 
        s = PUSH(u->left, s); 
    end if 
    delete u; 
end while 
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s = PUSH(root, s); 
while s!=0 do 
    s = POP(&u, s); 
    … do something 
    if (u->left!= 0) && (u->right!=0) then 
        s = PUSH(u->right, s); 
        s = PUSH(u->left, s); 
    end if 
    delete u; 
end while 

After two iterations… 
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• Partition linked list and tree 
• Will the red loop ever access data in the green partition? 
• Parallelization is legal (does not violate data dependencies) 
• Why is it hard for a tool to figure this out? 

No! 

… preamble (accessing root node) 
 
while sa!=0 do 
    … loop body (access left sub-tree) 
end while 
 
while sb!=0 do 
    … loop body (access right sub-tree) 
end while 
 



The problem 

8 

… … … 
… … 

n u 

n u 

n u 

s … 



The problem 

8 

… … … 
… … 

n u 

n u 

n u 

s … 

Heap accessed 
in the next 
iteration 



The problem 

8 

… … … 
… … 

n u 

n u 

n u 

s … 

Heap accessed 
in the next 
iteration 

Heap accessed in 
some iteration in 
the future 



The problem 

8 

… … … 
… … 

n u 

n u 

n u 

s … 

Heap accessed 
in the next 
iteration 

Heap accessed in 
some iteration in 
the future 

• Do these iterations access the same memory cell? 
 
 
 



The problem 

8 

… … … 
… … 

n u 

n u 

n u 

s 
• Do these iterations access the same memory cell? 

 
 
 

heap[s] 

… 



The problem 

8 

… … … 
… … 

n u 

n u 

n u 

s 
• Do these iterations access the same memory cell? 

 
 
 

… 

heap[heap[s].u] 



The problem 

8 

… … … 
… … 

n u 

n u 

n u 

s 
• Do these iterations access the same memory cell? 

 
 
 

… 

heap[heap[s].u] heap[s] 



The problem 

8 

… … … 
… … 

n u 

n u 

n u 

s 
• Do these iterations access the same memory cell? 

 
 
 

… 

heap[heap[s].u] heap[heap[s].n] 



The problem 

8 

… … … 
… … 

n u 

n u 

n u 

s 
• Do these iterations access the same memory cell? 

 
 
 

… 

heap[heap[s].u] heap[heap[heap[s].n].n] 



The problem 

8 

… … … 
… … 

n u 

n u 

n u 

s 
• Do these iterations access the same memory cell? 

 
 
 

… 

heap[heap[s].u] heap[heap[heap[heap[s].n].n].u] 



The problem 

8 

… … … 
… … 

n u 

n u 

n u 

s 
• Do these iterations access the same memory cell? 

 
 
 

… 

heap[heap[s].u] heap[heap[heap[heap[s].n].n].u] 

= ? 



The problem 

8 

… … … 
… … 

n u 

n u 

n u 

s 
• Do these iterations access the same memory cell? 

 
 
 

… 

heap[heap[s].u] heap[heap[heap[heap[s].n].n].u] 

= ? 

Traverse a 
linked list 



The problem 

8 

… … … 
… … 

n u 

n u 

n u 

s 
• Do these iterations access the same memory cell? 

 
 
 

… 

heap[heap[s].u] heap[heap[heap[heap[s].n].n].u] 

= ? 

… which 
has links to 
sub-trees 



The problem 

8 

… … … 
… … 

n u 

n u 

n u 

s 
• Do these iterations access the same memory cell? 

 
 
 

• Need to reason about structure, heap layout and disjointness 
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… … … 
… … 

n u 

n u 

n u 

s … 

Separating 
conjunction 
‘   ’ rules out 
aliasing! 

O’Hearn, 
Reynolds, 
Ishtiaq, Yang: 

* * 
* * * 

• Tractable heap analysis – very popular in SW verification  
• We use it to prove disjointness of heap regions 
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• Partitioning the heap 
= partitioning the formula 
describing it 

• Add a second ‘hook’ into 
the data structure 

• ‘Symbolically’ step 
through loop iterations 

• Attach labels to heaplets 

sb 

a b 
Communication-free parallelism: Never … 

a b 

b a 
a 

a 

a b 
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interface 

C/C++ 
code 

Substitute 
dynamic 
memory 

allocation 

Heap 
splitting / 

Loop 
splitting 

Heap 
analysis / 
Theorem 
proving 

C/C++ 
code 

Vivado HLS 

RTL impl. 

Automated source-to-source compiler 
LLNL ROSE Compiler Infrastructure (C++) 

Automated proof engine (OCaml) 

Parse 
into AST 

Unparse 
AST 
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Conclusion 

• Static analysis of heap-manipulating programs 
– Leveraging recent advances in separation logic 
– Distribute heap across on-chip memory banks 
– Loop parallelization 

• Tool implementation 
– Automated heap analyzer 
– Automated source-to-source transformations (synthesizability and 

parallelization) 
– Successful parallelization using standard HLS tools  

• Future work 
– Use this analysis for efficient loop pipelining 
– … and automatic on-chip buffer insertion in interface to external 

memory  
– Compute worst-case/average-case bounds on heap usage 

16 



 

Thank you for listening. 
 

http://cas.ee.ic.ac.uk/people/fw1811/ 
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