
《编译原理》
C

H
O

N
G

Q
I N G   U N I V

E
R

S
IT

Y

何冬杰
重庆大学

第4讲：IR的解释执行

1



IR的解释执行
qIR仅定义程序的表示形式，本身不包含程序动态语义
qIR解释器通过执行IR，具体实现其操作语义

🔴读取 IR 与输入，持续更新运行时状态，直至函数返回或程序运行出错。
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IR Program
指令与控制流

Input
程序参数

Interpreter
直接实现 IR 语义

Result
返回值与最终状态



执行过程是一系列状态转换
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⟨pcᵢ, σᵢ⟩ ⟶ ⟨pcᵢ₊₁, σᵢ₊₁⟩

数据状态 σ 控制位置 pc

普通指令 计算新值，修改 locals 或 memory 移到下一条指令

终结指令 通常不产生普通局部结果 选择后继基本块或返回

函数调用 建立新栈帧，共享 globals 与 memory 进入被调用函数入口

解释器 = 状态表示 + 指令语义(含跳转控制）



状态表示
q简化的运行时环境 (Runtime Environment)

🔴 locals映射 (虚拟寄存器表）：记录当前函数(栈帧)中局部变量的运行时值
🔴 symbols映射: 记录全局变量及其对应的内存地址
🔴 内存假设：假定内存无限，动态分配的内存不回收

🔵 memory：记录已分配的堆(heap)和栈(stack)内存
🔵 stack：记录当前函数(栈帧）在memory中分配的栈内存，函数退出时释放
🔵 region: 记录一段连续内存区域， base为起始地址，实际data由OCaml运行时分配和管理

4 Dongjie He @ Chongqing University

type region = { base : address; data : Bytes.t; }
type env = { program : program; (* 当前运行程序 *)

symbols : (gid, address) Hashtbl.t;
mutable locals : (uid, int64) Hashtbl.t; (* 假定有无限个 *)
mutable memory : region list;
mutable next_addr : address; (*下一可用内存地址 *)
mutable stack : region list;

}



状态表示
q内存分配：创建一个region

🔴按8字节对齐，实际data由OCaml运行时分配和管理

🔴 alloca调用alloc分配栈内存，记录在stack中，函数返回时清理
🔴 alloc_heap调用alloc分配堆内存，暂无内存回收机制

5 Dongjie He @ Chongqing University

let alloc env n =
if n < 0 || n > Sys.max_string_length then

invalid_arg "Runtime: invalid allocation size";
let base = env.next_addr in
env.next_addr <- Int64.add base (Int64.of_int (align (max 1 n) 8));
let region = { base; data = Bytes.make n '\000' } in
env.memory <- region :: env.memory;
region



状态表示
q内存存取：store和load

🔴小端序(little-endian order): 一个数占多个字节时，低位字节放在低地址，
高位字节放在高地址。

🔴举例：把0x12345678按4个字节存到地址100:

🔴 store: 找到地址所在region，以小端序将数据放置到指定位置
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78 56 34 12

100 101 102 103

let store env ty v addr = let n = size ty in
if n > 8 then invalid_arg "Runtime: aggregate store is not a scalar";
let region, offset = find_region env addr n in
let v = normalize ty v in
if n = 1 then

Bytes.set_uint8 region.data offset (Int64.to_int (Int64.logand v 255L))
else Bytes.set_int64_le region.data offset v



状态表示
q环境初始化：mk_env

🔴将所有全局符号（含 built-in 函数）存入 symbols 表
🔴 symbols 表记录全局变量的 id 及其内存地址
🔴在对应内存地址中初始化变量内容

q全局符号存取
🔴 symbol和symbol_name分别读取全局变量内存地址和地址上内容

q局部变量存取：get_local和set_local
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let get_local env uid =
match Hashtbl.find_opt env.locals uid with
| Some v -> v
| None -> failwith ("IR: unbound temporary " ^ uid)

let set_local env uid v = Hashtbl.replace env.locals uid v



Local/Temporary Variable Storage
qNeed space to store:

🔴Global variables
🔴Values passed as arguments to procedures
🔴 Local variables

🔵 either defined in the source program or introduced by the compiler

qProcessors provide two options
🔴 Registers: fast, small size (32 or 64 bits), very limited number
🔴Memory: slow, very large amount of space (2+ GB)

🔵 caching important

qIn practice on X86/RISC-V:
🔴 Registers are limited (and have restrictions)
🔴Divide memory into regions including the stack and the heap

8 Dongjie He @ Chongqing University



状态表示
q函数调用：采用值传递（call-by-value）

🔴保存调用者的局部环境(locals, stack),创建被调用者的局部环境
🔵局部环境也称为栈帧 (stack frame), 存储函数某次调用时的局部环境信息

🔴函数调用结束时，恢复调用者的局部环境
🔴 symbol和memory中非栈空间被caller和callee共享
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Stack frame example
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Call chain

foo

bar

baz

baz

baz

quux

void foo(...){
...
bar();
...

}

void bar(...)
{ int
x, y;
x = baz();
...
y =
quux();

...
}

int baz(...){ 
int z;
...
z =
baz();

...
return z;

}

int quux(...){
...
return 42;

}



void foo(...){
...
bar();
...

}

Stack frame example
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Call chain

foo
⋮
foo%esp

%ebp



void
foo(...

) {...
bar(
);
...

}

Stack frame example
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Call chain

foo

bar

⋮
foo

bar

%esp

%ebp

void bar(...)
{ int
x, y;
x = baz();
...
y =
quux();

...
}



Stack frame example
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Call chain

foo

bar

baz

baz

baz

⋮
foo

bar

baz

baz

baz

%ebp

%esp

void
foo(...

) {...
bar(
);
...

void
bar(...

) {
int baz(...){ 

int z;
...
z =
baz();

...
return z;

}



void foo(...){
...
bar(
);
...

}

Call chain

foo

bar

baz

baz

baz

⋮
foo

bar

%esp

%ebp

Stack frame example
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void bar(...)
{ int
x, y;
x = baz();
...
y =
quux();

...
}



void foo(...){
...
bar(
);
...

}

void bar(...)

{

}

Call chain

foo

bar

baz

baz

baz

quux

⋮
foo

bar

quux

%esp

%ebp

Stack frame example
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int quux(...){
...
return 42;

}



void foo(...){
...
bar();
...

}

Call chain

foo

bar

baz

baz

baz

baz

⋮
foo%esp

%ebp

Stack frame example
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状态表示
q函数调用：采用值传递（call-by-value）

🔴保存调用者的局部环境(locals, stack),创建被调用者的局部环境
🔵局部环境也称为栈帧 (stack frame), 存储函数某次调用时的局部环境信息

🔴函数调用结束时，恢复调用者的局部环境
🔴 symbol和memory中非栈空间被caller和callee共享

17 Dongjie He @ Chongqing University

let with_frame env params args f =
if List.length params <> List.length args

then failwith "Runtime: argument count mismatch";
let old_locals = env.locals and old_stack = env.stack in
env.locals <- Hashtbl.create 16; env.stack <- [];
Fun.protect (fun () -> List.iter2 (fun (ty, u) x ->

set_local env u (normalize ty x)) params args; f ()) 
~finally:(fun () -> env.memory <- List.filter

(fun region -> not (List.exists (( == ) region) env.stack)) env.memory;
env.locals <- old_locals; env.stack <- old_stack)



状态表示
q以上运行时见runtime0.ml
q局限：

🔴内存和栈空间是无限的
🔴不支持内存回收

q解决办法：
🔴模拟真实的内存布局: see runtime.ml
🔴添加free函数，进行手动内存释放
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内存布局
qThe code & data (or “text”) segment

🔴 contains compiled code, constant strings, etc.

qThe Heap stores dynamically allocated objects
🔴Allocated via “malloc”, deallocated via “free”
🔴 C runtime system

qThe Stack 
🔴 Stores local variables, allocated via “alloca”
🔴 Stores the return address of a function

qIn practice, most languages use this model
🔴大多数操作系统也遵守这个约定，包括：传统 Unix，

Linux x86-64，macOS 64-bit，Windows x64等
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状态表示

q新运行时环境
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type env = {
program : program;
symbols : (gid, address) Hashtbl.t;
mutable locals : (uid, int64) Hashtbl.t;
mutable memory : region list;
mutable next_addr : address;
mutable stack : region list;
mutable sp : address;
mutable heap : region list;
mutable free_blocks : (address * int) list;
}

Stack

Heap

Data

sp

next_addr
memory



状态表示
q新runtime下栈内存分配
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let alloca env ty count =
if count < 0L then invalid_arg "Runtime: invalid alloca count";
let size = size ty in
if count > Int64.of_int (Sys.max_string_length / max 1 size) then
invalid_arg "Runtime: invalid alloca count";

let n = size * Int64.to_int count in
let bytes = Int64.of_int (span n) in
if bytes > Int64.sub env.sp env.next_addr then
failwith "Runtime: address space exhausted";

let base = Int64.sub env.sp bytes in
let region = add_region env base n in
env.sp <- base;
env.stack <- region :: env.stack;
region.base



状态表示
q新runtime下堆内存分配

🔴堆地址向上生长，栈地址向下生长
🔴中间空间留给栈或堆分配
🔴剩余空间不够分配时将报错
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let alloc env n =
check_alloc_size (Int64.of_int n);
let base = env.next_addr in
let bytes = Int64.of_int (span n) in
if bytes > Int64.sub env.sp base then failwith "Runtime: address space exhausted";
let region = add_region env base n in
env.next_addr <- Int64.add base bytes; region



状态表示
q新runtime下堆内存分配
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let alloc_heap env n =
check_alloc_size n;
let n = Int64.to_int n in
let bytes = span n in
let rec take = function
| [] -> (alloc env n, [])
| (base, len) :: rest when len >= bytes ->
let region = add_region env base n in let rest = if len = bytes then rest
else (Int64.add base (Int64.of_int bytes), len - bytes) :: rest in (region, rest)

| block :: rest -> let region, rest = take rest in (region, block :: rest) in
let region, rest = take env.free_blocks in
env.free_blocks <- rest; env.heap <- region :: env.heap; region.base

free_heap是过去分配并已经回收了的堆内存。
若free_heap中有足够大空间，优先从free_heap中重新分配；
若free_heap中无足够大空间，新分配一块空间



状态表示
q新runtime下栈内存回收

🔴函数执行完通过清理栈空间和回退栈帧sp回收栈内存
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let with_frame env params args f =
if List.length params <> List.length args then
failwith "Runtime: argument count mismatch";

let old_locals = env.locals and old_stack = env.stack and old_sp = env.sp in
env.locals <- Hashtbl.create 16; env.stack <- [];
Fun.protect (fun () ->
List.iter2 (fun (ty, u) x -> set_local env u (normalize ty x)) params args; f ())

~finally:(fun () ->
env.memory <- List.filter (fun region -> not (List.exists (( == ) region) env.stack)) 
env.memory;
env.locals <- old_locals; env.stack <- old_stack; env.sp <- old_sp)



状态表示
q新runtime下堆内存回收

🔴将待回收的内存块从heap和memory中删掉
🔴加入到free_blocks中，另外有地址相邻的内存块应该合并成一个大的内
存块

🔴具体算法留给同学们去尝试
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解释执行
q本质是通过一种语言来解释并计算另一种程序的语义

🔴这里，我们用Ocaml来解释LLVMLite IR程序的语义
q核心解释函数，分层解释IR语义

🔴 exec_func: 执行函数
🔵解释执行一般从调用main函数开始，也可指定入口函数
🔵需创建执行环境

🔴 exec_block: 顺序执行一个基本块
🔴 exec_insn: 执行普通指令并更新状态
🔴 exec_term: 选择后继基本块或产生返回值
🔴 eval_bop/eval_cmpop/eval_castop: 计算算术/比较/类型转换运算
🔴 eval_opn: 将常量或局部变量转换为运行时值
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let interpret ?(entry = "main") program =
exec_func (mk_env program) entry []

type cfg = block * (lbl * block) list
type block = {
insns : (uid * insn) list;
term : terminator

}



解释执行： exec_func
q提供print、println、alloc等内建函数
q对于自定义函数，先定位函数定义，再从函数入口开始执行
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let rec exec_func env name args =
match (name, args) with
| "print", [ v ] -> Printf.printf "%Ld" v; 0L
| "println", [ v ] -> Printf.printf "%Ld\n" v; 0L
| "alloc", [ size ] -> alloc_heap env size
| _ -> let func_def = match List.assoc_opt name env.program.fndefs with

| Some func_def -> func_def
| None -> failwith ("IR: unknown function " ^ name)
in with_frame env func_def.param args (fun () ->

exec_block env func_def.cfg (fst func_def.cfg))



解释执行： exec_block, exec_term
q执行块：顺序执行一个基本块的普通指令和终结指令

q执行终结指令：选择并执行后继基本块或产生返回值
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and exec_block env cfg block =
List.iter (exec_insn env) block.insns;
exec_term env cfg block.term

and exec_term env cfg term =
let jump label = let blocks = snd cfg in

let next = List.assoc label blocks in exec_block env cfg next
in match term with
| Ret None -> 0L
| Ret (Some (ty, v)) -> eval_opn env ty v
| Br label -> jump label
| Cbr (cond, tlbl, flbl) -> jump (if eval_opn env I1 cond <> 0L then tlbl else flbl)



解释执行：exec_insn
q执行普通指令并更新状态

🔴通过set_local对指令计算结果值进行状态更新
🔴Alloca, Load, Store分别分配、读取和存储内存
🔴下面重点解释getelementptr指令的语义实现，其他留作练习
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and exec_insn env (uid, insn) =
let v = match insn with
| Alloca (elem_ty, count) -> alloca env elem_ty (eval I64 count)
| Load (ty, addr) -> load env ty (eval Ptr addr)
| Store (ty, v, addr) -> store env ty (eval ty v) (eval Ptr addr); 0L
| Gep (elem, base, indices) -> eval_gep env elem base indices
| _ -> failwith "TODO: need implementation";
in Option.iter (fun uid -> set_local env uid v) uid



Review: LLVM getelementptr Instruction

q“type insn = …| Gep of ty * opn * typed_opn list” in LLVMLite

qExample 1: 访问矩形第一个点的 x 分量

qExample 2:在 OCaml中，数组类型可表示为指向包含长度信息的结构体的指针

🔴 获取OCaml数组大小 length a ：
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insn ::= … |  getelementptr t* %val, t1 idx1, t2 idx2 ,…

%tmp1 = getelementptr %Rect* %square, i32 0, i32 0
%tmp2 = getelementptr %Point* %tmp1, i32 0, i32 0

𝐢𝐧𝐭 𝐚𝐫𝐫𝐚𝐲 = { i32, [0 x i32]}*

length a := %1 = getelementptr {i32, [0 x i32]}* %a, i32 0, i32 0
%2 = load i32, i32* %1



解释执行：exec_gep
q聚合类型(Aggregate type)：数组或结构体类型复合而成
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let eval_gep env elem_ty base indices =
let rec descend addr ty = function
| [] -> addr
| (idx_ty, idx) :: rest -> ignore (bits idx_ty);
match ty, idx with
| Array (_, item_ty), _ ->

let offset = Int64.mul (eval_opn env idx_ty idx) (Int64.of_int (size item_ty)) in
descend (Int64.add addr offset) item_ty rest

| Struct fields, Const _ -> let idx = eval_opn env idx_ty idx in
if idx < 0L || idx >= Int64.of_int (List.length fields) then

invalid_arg "IR: invalid struct index";
let i = Int64.to_int idx in
let addr = Int64.add addr (Int64.of_int (field_offset fields i)) in
descend addr (List.nth fields i) rest

| _ -> invalid_arg "IR: GEP needs array or constant struct index"
in descend (eval_opn env Ptr base) (Array (0, elem_ty)) indices

核心思想：根据当前类型和索引计算基地
址，并逐层递归，直至得到最终地址。



解释执行：教学展示
qDemo:

🔴 Interpreter.ml, Runtime.ml, IR.ml, IRPrinter.ml, Util.ml, main.ml

q编译运行：
🔴 dune build
🔴 dune exec ./main.exe
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运行时错误 (Runtime Error)
q程序执行过程中因非法操作或异常状态导致的错误。

🔴例如：数组越界、除零、空指针访问、非法内存访问等。

q错误处理举例：

q以下并非运行时错误，而是留给大家补充实现的任务：
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let func_def = match List.assoc_opt name env.program.fndefs with
| Some func_def -> func_def
| None -> failwith ("IR: unknown function " ^ name)
in ……

| _ -> failwith “TODO: unimplemented ……"



项目1：实现LLVMLite IR解释器
q基于运行时环境(Runtime.ml)，实现完整的 LLVMLite IR解释器

🔴基于提供的解释器框架，补全尚未支持的LLVMLite IR语义
🔴完成后，将Interpreter.ml文件提交至OJ
🔴OJ将使用多组IR程序，测试解释器的实现完整性与正确性
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